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ABSTRACT 


The (CH) , system comprises only two geometrically 
possible isomers, [4J]annulene (cyclobutadiene) and 
tetrahedrane (erty Vo lied0.0 +! slburane). Part Jot 
this thesis describes a successful Synthesis of a crystal- 
line [4Jannulene derivative and the matrix isolation 
of the parent compound. Part II concerns several 
approaches toward the construction of the tetrahedrane 
skeleton. 

Low-temperature photolysis of methyl Cri stert—buly)— 
cyclopropenyldiazoacetate (46) has led to the quantitative 
formation of methyl tri-tert-buty1[4]annulenecarboxylate 
(11) which has been isolated in a crystalline form and 
characterized fully by use of the physical methods 
presently available. An X-ray analysis clearly demonstrates 
that this compound (11) is rectangular, consisting of 
two long bonds (1.547 and 1.506 A) and two short ones 
(1.406 and 1.376 A), and electron spin resonance (and 
nuclear magnetic resonance) spectroscopy leads to the 
conclusion that the ground state is Singlet. Because of 
the symmetrical pattern of substitution on the [4]- 
annulene system, these findings can justifiably be 
extrapolated to the properties of the parent compound 


(1) itself. The generation of Cl )uaneaamateix has algo 
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been achieved. Its ultraviolet spectrum showing a weak 
absorption around 300 nm provides an additional proof 
for the singlet ground state of [4Jannulene. These 
results, in addition to others, Suggest that the likely 
geometry of (1) is a rectangle with two short bonds of 
approximately 1.37 A and two longer ones of the order 

of 1.51 A. Should [4]annulene prove to be square for 
reasons that are not obvious at the present moment, both 
Square and rectangular forms must reside in a region of 
a flat potential energy surface. 

Tri-tert-butyl[4]annulene (13) has also been prepared 
in solution and the evaluation of the chemical shift of 
the ring proton definitely shows that the induced magnetic 
current of [4]annulene is paramagnetic. 

In Part II, several approaches to the synthesis of 
tetrahedrane derivatives have been examined. Thus far, 
the final goal has not been achieved using any of these 
methods. However, precursors themselves have revealed 
intriguing chemistry. Thus, 2,2,5,5-tetramethylbicyclo- 
[4.1.0]hept-1(6)-en-7-one (112) represents a cyclopro- 
penone fused with the smallest ring system, and the 
strain thus involved in this system is reflected in the 
physical and chemical properties of the cyclopropenone 
moiety. Another precursor (155) the-first homotetra- 


hedranone derivative possessing a good leaving group at 


vi 
























anew 6 sabtidle natweds jotoivertiu e2I .beveidos ised 
Yoorg Lenottibbs a6 cobivowg mth OO Bowers noLtsqzoeds 
seedy »scstuaaets] Fo othe buvesp tolpaia end we 
viewtEl oY Jedd d¢eppve ,eteildo OF ROTSEDRS ie estvest 


ia 


to ahned dxode uwt MLW aelpnksdost & at ("Se yitomosy 
wbhyo eff to aand sepnol ows one 4 te. 4 vietsmixonqge 
rot gteiine Sd. oF svoOtq graftnes(h) Bivgas [ef Yo. 

thamon foskeud ont te ettoivde ton Sue pee ecnadt 





to nofesy s at sh toet uit wot tei upaeioe bas oxaipee 
aosiive Vpnens’ Dsltmegog jal? eB 

‘beteqete teed osle esd (Of) sasiumneli | Ly diets a 
“Sb PPida esinisits Siti 35.y1G PF SIAS TS (SRF PES notsyfoe at ) 
sizenpam Baoebni oft datly ewoda ylstiniied Reser Eat and 
okvanbertssa: o. ‘onétunas (8 %o snerieD | 

to alserinve sit oF Velelctele dee © ‘é raves ,ll 3388 a : 


,t8? wed? beninesss ceed avend eavizevetad arc sbetariee 





sett to yas. ecieu hovordos assed Hoo ede Seep Incl Se 


’ 


boteuves svar aavicansdd arceryostq ,tavewoH . aborts ait 







<GLoyoidtydtamsites-< <2. 5,5 sunt aideieds pninpbavmk 
somgaisys s atnaesiges (Sif) sAo~ -*-a0-ta)s-eqnat OS 
— ae nate. pitta tee Li hate ont atiw bee? . 


» a i ye 7 oh : Ee sacs ° es : 
api’ kei tee Cin aie enna 


i - 





.) 


the a-position to the carbonyl group, has been synthesized. 
However, a hoped-for Favorskii reaction has not proceeded, 
but thermal rearrangement of the tricyclic skeleton to 
a cyclopropenyl ketene (157) has predominated under the 
conditions examined. 

Hopefully ones findings lay the foundation for 
further development of chemistry in this area and 
Synthetic efforts directed at tetrahedrane will be 


continued. 
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PART I. [4]ANNULENE. 
CHAPTER I. INTRODUCTION. 
ee a et a ot 


A. ,Historical. 

An [n] annulenet is a monocyclic, fully conjugated 
polyene. The number of CH moieties in the ring is indi- 
cated by an arabic numeral in the bracket. ‘For instance, 
benzene is [6]Jannulene. From the moment when Kekul6* 
first formulated benzene as cyclohexatriene stating that 
"man koOnnte dann Benzol durch ein Sechseck darstellen", 
the questions were immediately raised as to whether benzene 
was unique in exhibiting the so-called aromatic properties 
and further as to whether its vinylogs would show similar 
behavior. It was in this connection that Willsttter® bye) 
1911 prepared [8]annulene (cyclooctatetraene) and found 
that in contrast to benzene, [8]annulene was quite Paes 
and had properties characteristic of polyenes. Deen eed 
difference of these two compounds, [6]- and [8]annulene, 
had not been explained until 1931 when Hticke1? applied the 
molecular orbital theory to the annulene system. He pre- 
dicted that an annulene would possess relative electronic 
stability if the carbon skeleton contains (4n+2)1-electrons, 
whereas the (4n)71 series would behave in a manner expected 


Pa eS ee th I lee ee pee eee BR 
*) Reference 2, p.158. 
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for polyenes. Guided by this simple Huckel rule, many 
chemists have attempted to prepare other annulenes. The 
rirst synthesis-of [18]annulene> by Sondheimer in 1959 was 
indeed a significant accomplishment in annulene chemistry 
and successful preparations of Many Other [4n+2]Jannulenes 


Yo ieia,? ake ane 


soon followed. ° [4n]Annulenes ([12]-, 
annulenes) were prepared and shown to be reactive in 
accord with the HUuckel rule. 

[4]Annulene (cyclobutadiene) 1, one of the (CH), 
species and also the smallest member of [4nJannulene, has 
been the subject of synthesis for over a century.) In 


spite of numerous attempts made around the turn of this 


H H 


|e 


century, the preparation of [4]annulene was totally un- 
successful. After Huckel predicted that [4]annulene itself 
would be an unstable species, attempts focused on some 
modifications which may stabilize this intrinsically . 
reactive 4n-electron system have met with some successes. 
In 1956 Wenbaet-Higgins.? published an interesting result 
of his calculation that coordination with a transition 
metal would stabilize the [4]annulene system, and this 
prediction was indeed realized three years later by the 


synthesis of stable tetramethyl[4]annulenenickel chloride 


















1 
® : i 
uP ie 


a 


yrem ,olur Letom sfiqinie: etit : a bebivd .eensyfeg WOR 


ef? .sorsinnts reidd omderg. os ‘ pedqinastes eve: 2Jebmaiia / ne 
-¢ 

saw @2Pf at vemisibaes ya’ “enotuameteel io aleeeanyr: jautt ” 
yuteimeuio enotunas’at Josntektemosos Jasoitinpies S boobak 


vonginaoe Stab] xtsiito. yas to Ts, ot ae 
¢ r 5 ie a 

© 108) Bos ws, raf) °.-{SiLy) eaneivonata) . bewol £oF nOooe8 
‘es 


s 


nt evidoee? ad of} nwote bas bersgerg Stem (asngiei 


‘oluod [evoen sae ege & a 
, ; 2 —— 
, (HD) “ett to sho xf (oaeiistudsclpys) saeiuaqnk ER] - 7 


=) 


apn .ofetveanel dh) oO tercinem J ef Lame $H3 oefé bee #sic ja. 
: ‘ a a oe 

at’ .yaugna> « 7BYO 16% <elegninye to J9eCtdve ot) mod 

“a= 


@int to axvus otf bnuois sbom alqonstse sryOtemiA Ze ostqa 


~muw yilsoa?s esw onslecialh} ¥g “ottixaqesq site Ph a 


P 7 - ’) aa 
ifeetr ersienas[*) ters ber yQthsig Lsioun 19334 “hh er 





emo2 no beegoot atamists ,soboogs okdavaris re, ates 





yvifeolemiaini Bids os ifideda yen ‘ide anot: o 
_seecavowe omee: dew Jom. evel meses, neste boKD 


v0 





ree An iron complex (3) of the parent [4]annulene was 


also prepared in 1965 by Pettit, ?¢ A large number of 

[4J]annulene metal complexes are now recorded, but it is 
obvious that they cannot be regarded as the cyclic 4n1- 
system because the electronic structures are very much 


perturbed by the metal coordination. 


Nicl, Fe(CO}, 


Jt 
jw 


Another modification was proposed by Roberts, 23 
and later by Hoffmann. +4 They predicted a greater sta- 
bility for a [4]Jannulene derivative that possesses electron- 
donating and electron-accepting substituents in the proper 
positions, and in 1968 two groups isolated diethyl and 
dimethyl 2,4-bis (diethylamino) -1, 3-cyclobutadiene-1, 3- 
dicarboxylate 4, both as pale yellow crystals.?° Again, 
these do not represent the true [4]annulene system, because 
of the extended conjugation of the double bonds with the 


substituents. 
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Several reactions have been recorded which May involve 
([4]annulene as a reaction intermediate. When [4]annulene- 
iron tricarbonyl 3 was oxidatively decomposed with ceric 
ammonium nitrate, the sole product was the Syiadimer > of 
{[4Jannulene, and if a dienophile was present, the corres- 
ponding Diels-Alder type adduct 6 was produced in a stereo- 
specific manner. +® These results indicated the inter- 


mediacy of [4]Jannulene l. The life-time of li in the gas 


phase was estimated to be on the order of several msec, +/"18 
Iron complex 3 was flash-photolyzed in helium and the 
variation of the intensity of mass peak for [4]annulene 
(m/e=52) with time was followed using oscillograms.?/ te 
was found that only the signal with m/e=52 decayed 
rapidly,in the,fixrst,l.or 2.msec.. This .expeximent.has 
provided the first direct evidence that [4]annulene is 

a discrete entity and has a definite life-time. Although 
the report!) that claimed the successful pot-to-pot 


distillation of this reactive species must be incorrect 
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in view of the life-time measured in the gas phase, it 

was recently clearly shown that free [4]annulene was actually 
liberated from its iron complex in the above oxidative 
reaction. 2? When optically active methylethyl [4] annulene- 
iron tricarbonyl 7 was oxidatively decomposed by ceric 
ammonium nitrate in the presence of dimethyl maleate, a 


racemic adduct 8 was obtainea, 172 


The only interpretation 
to accomodate this result is that [4]annulene 9 is free 


from the metal when it reacts with the dienophile. 


IN 
Kee) 
[© 


All reports before 1967 concerning [4]annulene and 
related compounds are well summarized in a recent mono- 
graph. 7° When we initiated our project aimed at the 
Breen Cen eo aeion of the [4]annulene system, it appeared 
an almost hopeless venture to isolate or to detect the 
parent or simply substituted [4Jannulenes, unless new 
approaches were adopted. Needless to say, no physical 


properties of the parent compound were known except for 


the life-time in the gas phase. 
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B. Huckel rule. 

It is appropriate at this stage to elaborate on the 
Huckel rule. In recent years numerous experimental findings 
have been made which support this rule, despite the bold 
assumptions utilized in formulating ieee 

Hickel's theory for a fully conjugated monocyclic 
polyene first assumes that the planar o-bonded framework 
is completely separated from the t-system. This latter 
system is made up of 2D, carbon orbitals which are perpen- 
dicular to the plane of the molecule. The interaction 
between the non-adjacent Po orbitals is assumed to be 
negligible. Furthermore, the molecule is regarded as 
consisting of equivalent CH units which have equal carbon- 
carbon bond distances around the periphery. A linear 
combination of the Po atomic orbitals then leads to a 
set of moleculer orbitals (MO"s)', some having energies 
lower than those of the constituent ie orbitals (bonding 
MO"s) and others having higher energies (anti-bonding 
MO's). Only the [4n]annulenes possess doubly degenerate 
non-bonding MO's which have the same energy as the 
constituent Py orbitals. The [4n+2]annulenes, on the 
other hand, do not possess such doubly degenerate non- 
bonding MO's. Accordingly the annulenes are divided 
into two groups, the [4n]- and [4n+2]annulenes. 

The [4n+2]annulenes (of which benzene is a represen- 


tative) have closed-shell configurations for their 1-MO's 
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(see Figure I. A). As a result, these annulenes are 
relatively stable; i.e. they are more stable than their 
corresponding acyclic polyenes. For example, the total 
t—electron energy of [6]annulene is ca. 18 kcal/mol lower 


* 
(and hence more stable) than that of 1,3,5-hexatriene. 


(A) (B) (C) 
Benzene [4Jannulene 
Figure I; t-Molecular orbitals for benzene and 
[4Jannulene. 
The [4n+2]annulenes exhibit diamagnetic anisotropy, showing 
low-field shifts for the outer-annular protons, and high- 
field shifts for inner-annular ones, in their proton 
Magnetic resonance (pmr) spectra. This property is a 


result of the interatomic ring current? which is induced 





*) Total t-energies of [6Jannulene and 1,3,5-hexatriene 
are 6a+88 and 6a+6.9888 ,respectively (where a and 8 are 
Coulomb and resonance integrals, respectively). The 


difference of these values is hence ca. 1.08 =18 kcal/mol. + 


t = , a mn 
. 
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in the cyclic t-electron system when a Magnetic field is 
applied perpendicular to the plane of the ring. 

The simple Huckel MO treatment described above 
predicts that the [4n]Jannulenes, in contrast to the [4n+2]- 
annulenes, are relatively unstable and are thermodynamically 
less stable than their corresponding acyclic polyenes. 

This is due to the presence of the doubly degenerate 
non-bonding MO's. Two electrons occupy these MO's, one 
in each MO and having parallel spin (Hund's rule). Thus, 
the [4n]Jannulene should have a triplet ground state (Figure 
I. B). This unfavorable situation may be avoided by 
Jahn-Teller distortion which reduces the molecular 
Symmetry and splits the degenerate orbitals. This can 

be achieved either by alternation of the carbon-carbon 
bond lengths, or by deformation of the planarity of the 
system. The effect of the bond-alternation is. that one 
of the two non-bonding MO's is stabilized, while the 
other is destabilized. As a result, the two electrons 
can now form a pair in the non-degenerate MO, thus stabi- 
lizing the total t-electron system (Figure I. C) ebay i 
ation from the planarity of the system may also result in 
thesspliteingaor the two non-bonding MO's. However, in 
the case of the [4Jannulene system, it is unlikely that 
the four-membered ring is distorted to a non-planar con- 
formation since the increase of strain energy involved on 


the o-framework and the loss of Overlap between the 8. orbitals 
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might exceed or counterbalance the gain in energy caused 
by the electron pairing. 

The [4n]annulenes are expected to show paramagnetic 
ring currents, 72 leading to high-field pmr chemical shifts 
for the outer-annular, and low-field pmr chemical shifts 
for the inner-annular protons. In the absence of bond- 
alternations, an infinite paramagnetic ring current is 
predicted by theoretical calculations. 7? This situation 
is not likely to occur, however, because the molecule 
will be distorted for the reason discussed above. For 
instance, [16] annulene 10 is distorted from planarity 


8c and shows distinct inner 


exhibiting bond alternations, 
and outer protons in its pmr spectrum, °P with the latter 


appearing at higher field, as predicted. 


10 


There is however still some controversy over the 
ground state of the simplest annulene, [4]Jannulene. It 
May exist as a square triplet (ST), as predicted by the Huckel 
rule, or as a deformed, possibly rectangular, singlet 


(RS). A square singlet (SS) structure would be less stable 
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10 


than the RS structure according to the Jahn-Teller theoren. 
Theoretical calculations on this system have repeatedly 
been carried out, and the results are presented in the 


next section. 


C. Theoretical treatment of [4]Jannulene. 

Recent advances in computer technology have made 
it possible to calculate the energy levels of MO's of 
complicated molecules. Several calculations“? have appeared 
in recent years using different approximations in order 
to evaluate the ground state nature of [4Jannulene, and 
the results are listed in Table I. Except for an ear- 
lier calculation, 77> which was later revised, all the 
treatment appear to agree on one point, namely that the 
rectangular singlet (RS) is more stable than its square 
counterpart (SS). In the square geometry the relative 
stabilities of the singlet and triplet states appear to 
be uncertain. A recent treatment, *4* which was carried 
out apparently to confirm the result obtained from the 
infrared spectrum of [4]annulene, concluded that "the 
Square singlet lies 7.7 kcal/mol above the square triplet 
and is unstable to a rectangular distortion". However, 
no mention was made as to the relative stability of the 
two species, ST and RS. 


24b,c 


Allinger also calculated the expected ultra- 
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Relative stabilities (in kcal/mol) and C-C bond lengths 


{in A, in parentheses). 


ab initio 
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Table I; Calculated relative stabilities and C-C bond 


lengths of possible [4]Jannulene structures. 
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violet absorption maxima of [4]annulene and predicted 
confidently that a Singlet, whether Square or rectangular, 
has allowed transitions around 200 nm and weak forbidden 
transitions at much longer wavelength in the visible 
reg.on.)isiny contrast,) the triplet was predicted to absorb 


2 at 380 nm). Thus, as Allinger stated, 


Mery (strongly: (¢ a0 
this difference would serve to distinguish between the 


Singlet and triplet. 


The above is a brief historical description of the 
Chemistry of [4Jannulene. The following sections describe 
our efforts to elucidate the ground state properties and 


the chemistry of this intriguing species. 
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CHAPTER II. OUTLINE OF OBJECTIVES. 
en a ME NV ERE LV EO! 


The objective of the work described in this part 
is the elucidation of the ground state properties of 
[4Jannulene. The major problems associated with this system 
are concerned with its spin multiplicity and exact geometry. 

Ordinarily, the extensive use of various spectro- 
scopic methods helps to Clarify; these types of problems. 
However, in order to characterize [4]annulene itself, 
only a limited number of the spectroscopic methods can 
be used. This is due to its great reactivity and the 
resultant difficulties encountered in its isolation or 
detection. [4]Annulene must first be retained in a mono- 
meric form for an extended period of time. Techniques 
to utilize a low-temperature matrix which is rigid enough 
to trap [4]annulene molecules as such appear to be most 
promising. Asa aceexniligs of the imposition of this basic 
experimental limitation, only electron spin resonance 
(esr), ultraviolet (uv), and infrared (ir) spectroscopies 
can be presently employed to characterize [4]annulene. 

The esr spectrum of a molecule trapped in such a 
system clearly indicates its spin state. The uv spectrum 
suggests the electronic states of the t-electrons, and, 
as mentioned earlier, triplet and singlet [4]annulenes 


are predicted to have completely different uv spectra.74Pr¢ 
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Hence the uv spectrum of [4]annulene would also provide 
information as to its spin state. The ir spectrum 
provides information about the vibrational modes of the 
molecule. Theoretical calculations predict the number 


and line positions of ir absorptions both for D_, (square 


4h 
Pplanar)- and Dq,, (rectangular planar)-[4Jannulenes. Thus, 
the ir spectrum would distinguish between the two geo- 
metries conceivable for the molecule. 

Part of the present study is concerned with the 
characterization of matrix-isolated [4]annulene by means 
GFSiLS uv, and esr spectra. 

Although the spectroscopic means described above can 
provide the ground state properties of [4]annulene to a 
certain extent, there remains always an ambiguity as to 
the exact geometry of the molecule, because the methods 
to be employed are indirect. Obviously, the best method 
to obtain this information would be by an X-ray crystallo- 
graphic analysis. However, to carry out such an analysis 
a single crystal of the molecule must be available. 
Furthermore, photoelectron spectroscopy, which would 
shed light on the energy levels of MO's, also requires 
at present that a ponpcana be isolable in pure form. 

Therefore our interest was also directed to the 
synthesis of isolable, crystalline [4]Jannulene derivatives. 
The following considerations were made in choosing an 


appropriate derivative: (1) that monomeric [4]annulene 
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derivatives would be isolable if they possessed sterically 
bulky substituents which would serve to suppress the 
reactivity toward another molecule, and (2) that the sub- 
stitution pattern on the ring must be such that the sym- 
metry and the ground state properties of the derivative 

are as close as possible to those of the parent [4]annulene. 
We chose methyl tri-tert-butyl1[4]annulenecarboxylate Ly 

as our synthetic target. Examination of a Dreiding model 
of this compound strongly suggests that the three certs 


butyl groups would be bulky enough to retard dimerization, 


a major reaction that [4]Jannulene undergoes. Furthermore, 
the substitution patterns in this compound are such that 
bond (1) and (2) may be allowed to become equivalent (see 
figure above). Therefore, if a square were the energy 
minimum conformation of 11, bonds (1) and (2) would be 
of equal length. 

During the course of our experimental investigations, 
Krebs et.al, reported the first isolation of.a [4]annulene 
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derivative,12. Lisex-ray analysis~°® was reported only 
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after our own work had been completed. Although demonst- 
rating that the central four-membered ring has a rectangular 
geometry (bond lengths are 1.340 and 1.600 A for Cr arand 
(2), respectively), their results do not provide any 
unambiguous information regarding the geometry of parent 

[4] annulene. This is, of course, because bonds (i m@and 

(2) 2in 12 are not equivalent, as far as the substitution 


pattern is concerned. 





Finally, as stated in the introduction, pmr spectro- 
scopy provides strong information about the nature of the 


Ying current in the annulenes. oe 


C-Nuclear magnetic 
resonance (cinxr) spectroscopy, however, provides no such 
information; cmr chemical shifts are relatively insensitive 
LOeSUCI Ba ering current, even when carbons are uniquely 


positioned in the system. ~/ 


Thus, in order to evaluate 
the nature or airing current, a proton mustabe directly 
attached to the annulene system. Analogous to dake evewhes 
tert-butyl[4]annulene 13 was expected to be isolable as 


such, allowing the observation of the pmr chemical shift 


of the unique proton in 13. A third part of our study 
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on the [4]annulene system thus concerns the synthesis of 
an isolable [4]annulene derivative possessing a proton 


directly attached to the ring. 


In the next chapter, the syntheses and the physical 
properties of these [4]Jannulene derivatives will be pre- 
sented in detail. Also included is the spectroscopic 


detection of parent [4]annulene isolated in a matrix. 
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CHAPTER III. RESULTS AND DISCUSSION. 
nn EOL UD LON 


AsiPreparationno£ highly substituted [4]Jannulene deri- 


vatives. 


Lig Preliminary attempts. 


Of several conceivable approaches~° for the const- 
ruction of the [4]annulene system, the following appeared 
to be the most promising: (1) dehalogenation of dichloro- 
cyclobutene derivatives by metals, (2) decomposition of 
[4J]annulene-metal complexes, and (3) rearrangement of 
cyclopropenyl carbene intermediates. 

The dehalogenation of dichlorocyclobutene deriva- 
tives by metals has been used rather generally in the pre- 
paration of transient [4]annulene derivatives. For 
instance, [4]Jannulene 1 itself is generated when Cus 
3, 4-dichlorocyclobutene 14 is treated with sodium amalgam. *® 
The product actually isolated is not 1, but the syn-dimer 


5 owing to the extremely facile dimerization of 1. 
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The second approach was that used in the preparation 
of the first isolable [4]annulene derivative doeee which 


was obtained by the reaction of palladium complex 15 with 


2a 
S Ph5PCH. 
16 
FuCly 
15 12 


ethylenebis (diphenylphosphine) 16. The oxidative de- 

2 - 
composition of [4]Jannuleneiron tricarbonyl Sas by ceric 
ammonium nitrate has been used in many reactions 


as the source of transient [4]annulene ig ge 


|e 


Fe(CO), 
3 


— 


We expected that decomposition of iron complex ges 
at low temperature and under mild conditions would give 
rise to the desired [4]Jannulene derivative 13. hus, 
photolysis of 17 at -60° in the presence of dimethyl 
acetylenedicarboxylate was carried out, and an iron-free 


adduct was isolated. The mass spectrum and elemental 
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analysis indicated that the product was a 1:1:1 adduct 
of tri-tert-butyl[4]annulene, dimethyl acetylenedicar- 
boxylate, and carbon monoxide. Its pmr spectrum revealed 
three different tert-butyl and two methyl groups. The 
methine proton appeared at § 3.75. Likely structures for 
this adduct are bicyclo[2.2.1]heptadienone 18 and bicyclo- 


[3.1.0] heptadienones 19 and 20. Compound 18 would be 


—== = 
H H 
Fe(CO) ik 
juz 
O 
H 
CO.Me 
OMe OMe 2 
Ons H ‘CO.Me CO,Me 
2 2 
18 19 20 


. —— 
— SS 


expected to eliminate carbon monoxide easily stow formea 
benzene derivative. ?! Brom thesfact that) the obtained 
adduct is fairly stable and the chemical shift of the 
methine proton in the pmr spectrum, we tentatively assigned 
structure 19 to this product. This molecule could arise 

if the photo-decomposition of iron complex 17 resulted 

in the insertion of carbon monoxide into the wing ,couLorm 


a cyclopentadienone derivative 21, which further reacted 


20 





Pad 


with dimethyl acetylenedicarboxylate to give Loe ee his 


approach was therefore abandoned in the Light. ofthis 


finding. 
| aca 
H 
bs en tage Seatac a ioral 19 
CO.Me 
Fe(CO), 
21 


The most promising method to construct the [4]annu- 
lene system now appeared to be the rearrangement of a 
cyclopropenyl carbene intermediate. Closs et al. treated 
dichloride 22 with n-butyllithium at -20° and obtained 
a mixture of the dimers of chlorotrimethyl [4]annulene 23) 


in 85% yiela.?? 


Al a sass Dimers. 
CHG) 


We performed a similar reaction using 3-dichloromethyl- 


39 use of Ne Duty. 


i 2, 3=LVr—tene-buty loyclopropene 24, 
lithium yielded neither a [4]annulene derivative nor its 
dimer, whereas a butadiene derivative 25 was isolated when 


tert-butyllithium was used. It can be envisioned that 


tert-butyllithium could undergo a metal-halogen exchange 
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reaction with 24 to form lithium salt 26. This anion 
then isomerized to the acyclic isomer 27 with a reduction 
of steric crowding, and finally protonation during the 


process of work-up led to the formation of the diene aire 


HCl. CHCL se CHCI 
=) feed, 


24 26 
ee 


2 


Maier et al. subjected diacid 28 to electrolysis 
and isolated two cyclopropenyl ketones 29 and 30, when 
rather drastic conditions ‘(100 V/1 A, room temperature) 
were applied, while furan 31 was the sole product under 
miid conditions (2 V/8 mA, room temperature) .7? Impor- 


tantly, the formation of 31 suggested that tri-tert-butyl- 
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[4Jannulene 13 was the intermediate which had reacted 
with oxygen to produce 31. It is reasonable to expect 
that, due to steric repulsion, the dimerization of anes 
was completely prevented. That the cyclopropenyl ketones 
29 and 30 were produced under drastic conditions can be 
explained by the over-oxidation of 13 to a cationic inter- 
mediate 32 which rearranged to 29 and 30 in order to 
relieve the steric repulsion of the three teresbutyl groups 
on the four-membered ring. 

We judged from these results that the hoped-for 
[4j}annulene derivative must be generated by a reaction, 
which would proceed smoothly and without side reactions 
and also could be performed at low temperature, so that 
one could examine the product by spectroscopic methods 
without further purification. We therefore reasoned that 
cyclopropenyl diazo compound 33 would serve as suitable 
precursors for further studies. 

Photolysis of diazo compound 33 initially results 
in the liberation of a nitrogen molecule to form carbene 
intermediate 34. This carbene can undergo rearrangement 
in three different ways. First, the cyclopropenyl group 
may ring-expand to form a [4]annulene Boe (COU Lea: 
Secondly, the carbene center may insert into the double 
bond, forming a tetrahedrane 36. (route. 2) 2 Finally, the 
cyclopropenyl carbene may split into two acetylenic mole- 


cules (route 3). It is reported? that tetrahedrane 
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decomposes into two acetylene molecules spontaneously. 
If this is indeed the case, routes 2 and 3 are indistin- 
guishable in the case when the three-membered ring carries 


three identical substituents. 


| 
ll + Il 
[eer | 


The following are some examples of the types of 
carbene reactions described above. First, the reaction 
of 22 with n-butyllithium (which was described on O21 ee 
to form dimers of chlorotrimethyl[4]annulene 23, exemplifies 
a reaction that proceeds via route 1. 

The*dilithium salt of ditosylate 37, when pyrolyzed, 
produced acetylene as the sole volatile product in 20-303 
neren ee Isotope labeling experiments revealed deuterium 
scrambling. Provided that the reaction proceeds stepwise 
as shown below, a cyclopropenyl carbene 38 is formed as 
the intermediate, which then forms tetrahedrane (route 2). 


Under the reaction conditions tetrahedrane reportedly 





Splits into two acetylene molecules. The isotope labeling 


experiment seems to be consistent with the above mechanism. 


H 
NTs H 
Li 
SN . 
Bn 38 
H H 
j i 
if + |i 
Hy 


White et al. prepared compound 39, and found that 
its only photolysis product was diphenylacetylene, probably 


formed by route Bue No phenylacetylene was formed. 


a | 
H 
Xt, ee 
P Ho 2 


39 


Ciabattoni et al. synthesized diazoalkanes 40 from 
the corresponding N-nitrosourethane or hydrazone. >/ The 
diazoalkanes were, however, found to be too unstable to 
be purified or handled further. Under aprotic conditions, 


these diazoalkanes isomerized to pyridazine derivatives 41. 
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These results indicate that the fate of the cyclo- 
propenyl carbene is greatly influenced by the nature of 
the substituents both on the ring and at the carbene center. 
We anticipated that tri-tert-butylcyclopropenyl 
diazo compounds 42 would undergo rearrangement following 
route 1. The presence of three tert-butyl groups on the 
ring of 42 would affect its reaction course. Firstly, 
the isomerization to form a pyridazine derivative would be 
blocked, because the resultant pyridazine would possess 
three tert-butyl groups on three adjacent carbons, and 
this structure is sterically very unfavorable. Furthermore 
it is known that trimethylcyclopropenyl azide oer isome- 
rizes (to triazine 44 slowly at room temperature, whereas 
tri-tert-butylcyclopropenyl azide eS does not show any 


tendency toward a similar isomerization, and it can even 


ne xX e: 
2 3 3 
42 43 44 45 
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be distilled at 40-50°/0.03-0.05 mmHg. Secondly, the 
tert-butyl groups would destabilize the single bond of the 
cyclopropenyl moiety. Asa result, the ring-expansion 
pathway to form the [4]annulene system should be favored 
over the other two possible pathways. 

We further considered the stabilization of the diazo 
groups by use of ah a-carbonyl group. The %diazo esters 
usually possess a certain degree of stability, allowing 
purification and isolation, 7° whereas diazoalkanes are 
very often too unstable to be isolated and purified. We there- 
fore expected that tri-tert-butylcyclopropenyl diazoace- 
tate (42, R=CO.R" ) could be isolated in a pure form. 

With all these reasons in mind, we first approached 
the synthesis of methyl tri-tert-butylcyclopropenyl diazo- 
acetate 46, the potential precursor of ll, and studied 
its photochemical behavior. Next, we focused upon the 
Synthesis of tri-tert-butylcyclopropenyl diazomethane 47, 
the potential precursor of Liv pereebuty Li4iannulene Se 
Although 47 might not be stable at room temperature, we 
at least hoped that 47, upon photolysis, would produce 
i3. This compound is important in that it can provide 
information about the paramagnetic LIngecuLtrentuotmethe 


[4Jannulene system. 





2. Methyl tri-tert-butyl [4] annulenecarboxylate (ai pie 


a a aU eee 


A precursor of the title compound is methyl tri- 
tert-butylcyclopropenyldiazoacetate 46. In order to 
obtain 46, we have examined the direct condensation of 
anion 48, derived from methyl diazoacetate, with ia Gene 


butylcyclopropenium fluoroborate aouee The lithium salt 


A= 

WO 

> 
> 
(o>) 


of ethyl diazoacetate was first prepared by Fransnelli 


ue in 1970 by the reaction of ethyl diazoacetate 


et al. 
with n-butyllithium at -110°. They found that the salt 
was reactive toward many electrophilic functional groups, 
and obtained, for instance, ethyl 2-diazo-3-hydroxy-3- 


phenylbutyrate 50 in 50% yield on reaction with aceto- 


phenone. 


Li 
Gee Cur. PhCOCH, 





No 


Tri-tert-butylcyclopropenium fluoroborate 49 has been 
known to react easily with nucleophilic reagents despite 
the presence of bulky substituents, to form the corresponding 


30,39,42a 


coupled products. We have reacted 49 with the 
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lithium salt 48 of methyl diazoacetate in ether/tetra- 
hydrofuran at -110°. As anticipated, the reaction proceeded 
smoothly and after chromatography on neutral alumina, 3 
the pure diazoacetate 46 was obtained in 88% yield as yellow 
crystals, mp 46.0-47.5°. Both the pmr and ir spectra are 
consistent with the assigned structure 46. The former showed 
Singlets at 6 0.93 (9H), ie2o= (18h) @and 32725(3H), awhide 
the latter exhibited strong absorptions at 2080 om? acai 
butable to the diazo stretching, and at 1698 cm! due to 
the carbonyl stretching. Diazoester 46 was found to be 
rather stable and, as reasoned earlier, showed no tendency 
toward isomerization to form the corresponding pyridazine 
derivative. Thus, the first task of this approach was 
completed, and the photochemical reaction of 46 was examined. 
A solution of diazoester 46 in methylcyclohexane-d, , 
was degassed and sealed in an nmr tube, and irradiated at 
-78° by a high-pressure mercury lamp with a Pyrex filter. 
After several hours’ irradiation, light brown crystals 
began to form. When the photolysate, after the completion 
of irradiation, was warmed to room temperature, the pre- 
cipitated brown crystals dissolved and the solution became 
dark brown. The solution decolorized rapidly, however, 


when oxygen was bubbled into the solution. The formation 
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of this new product (11) from 46 was almost quantitative, 
as judged from the pmr spectrum of the photolysate. 

The pmr spectrum showed absorptions at 6 1.13 (18H,s), 
ends Loloe(9H = befor the Lent butylagroups srdndmatlon 5145 
(3H,s) for the Sane group. The appearance of two dif- 
Perentstert—butylsgroups easily eliminates the tetrahedrane 
structure for the photo-product. Within theslamitsot pthe 
nmr time scale, two of the three EenL-bDUtyY la qrnoupssare 
equivalent. This suggests two possibilities for the geome- 
try of the four-membered ring: one is a square, and the 
other is a rectangular equilibrating very rapidly between 


two forms 51 and 52, as shown below. 


The cmr spectrum exhibited signals ate 00.1 47/2 0mandel> 455 
for olefinic carbons, in addition to others, supporting 
the [4Jannulene structure. The relative intensities of 
these signals for olefinic carbons are ca. 1:3, therefore 
the weaker absorption at 65 147.0 was tentatively assigned as 
being due to C(3) and the other to the remaining three 
carbons, C(1),C(2), and C(4), thosesof, G(1) and C(2) being 


coincidentally overlapped. Although these chemical shift 
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values for the olefinic carbons appear to be somewhat lower 
than normally expected, “4 they are not exceptional if one 
considers the presence of the substituents and the unique 
geometry of the molecule. 

Compound 11 was also characterized by a weak and broad 
uv absorption at hee 425 nm (€ 50) (Figure II.). This 
weak absorption in the visible region is in good agreement 
with the prediction that singlet [4]annulene would possess 
a forbidden absorption in this region. *7P"¢ 

These spectral data thus permit us to assign the 
[4Jannulene structure il to the crystalline photolysate. 

Chemical transformations of this air-sensitive [4]- 
annulene derivative provided further support for its struc- 
ture. Maleic anhydride reacted with ll to form Diels- 
Alder adduct 53. The presence of two olefinic carbons in 


the cmr spectrum of adduct 53 indicated the structure to 


be as shown, and not dihydrobenzvalene derivative 24. This 


CO; CH 


0.CH 
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Figure II; Uv spectrum of methyl tri-tert-butyl[4]- 


annulenecarboxylate 11 in pentane. 
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behavior is in contrast with an earlier repewtatha tel, s— 
di-tert-butyl[4]annulene 25, generated in situ from its iron 
carbonyl complex, reacted with tetracyanoethylene to form 


56.45 


The pmr spectrum of 53 is temperature-dependent (Figure 
III.). At 70°, the spectrum exhibits three Singlets for 
renucoucy lgroupsmat 6° 1.10, 1.20, and i \peoeshalpesing let 
for OCH, atmcws-o4pmandmtwo doublets atmuo14.23 and 3.65. 

As the temperature is lowered, the absorption for the emu 
butyl groups appearing at the highest field starts to 
broaden and almost disappears at 0°. At this temperature, 
the second tert-butyl signal, as well as the OCH, singlet 
and the two doublets, show line-broadening. Below -60°, the 
Spectrum does not show any further change, exhibiting a 
complex pattern in the tert-butyl region. The OCH, group 
and the doubletsusplit into two pairs mratic Ca. Ser 
These spectral changes indicate that the rotation of the 
carbomethoxy group is completely frozen at -60° resulting 


ina ca. 3:1 mixture of rotational isomers, and that the 








Figure III; Temperature dependent pmr spectrum of are 
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rotation of two tert-butyl groups is also frozen. 
Similarity of the uv spectra of 53 Ne 215.nm (é 
3240), 225 (1665),235 (680)}, and 1,2,3-tri-tert-butyl- 


30b 


cyclobutene 57 {i 215 (2640) 7) 225 9(294).235 (61) } 


max 
SuggestS that the carbomethoxy group is located at a 


bridge-head position. 


The stereochemistry of this adduct 53 was established 
by the following reactions. Hydrolysis to diacid 58 
followed by electrolysis, afforded lactone 29-g0lne in spe= 
ctrum of 59 showed peaks at 1785 and 1735 cm in the 
carbonyl region, indicating the presence of a five-membered 
lactone ring. The formation of an intramolecular lactone 
ring leads to the assignment that the initial adduct 58: 


has the endo-configuration. 





R e 
CO,CH, R 
| to,1z—> R,R'; “Bu, cO,CH, 
CO,H ; 
= 58 59 





*) Restricted rotation along an axis of C(sp*)-C (sp?) single 


bond was first observed by Brewer et se ee and reviewed by 


47 The isolation of rotational isomers was also 


48 


Kessler. 


achieved by Oki et al.. 
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The Diels-Alder adduct 60 of 11 with dimethyl ace- 
tylenedicarboxylate was also obtained as colorless crystals, 
mp 99.5-100.5°. The cmr spectrum of this adduct exhibits 
four olefinic carbons, thus the adduct has the Dewar- 
benzene structure. Not surprisingly, attempts to ring- 
Open (at 160°) this Dewar-benzene derivative to the corres- 


ponding benzene derivative failed. 


92°83 0, te 
lea 
| 


CO,CH. 


The [4Jannulene derivative il could be recrystallized 
at -78° furor pentane and sublimed at 50°/0.01 mmHg without 
decomposition. After sublimation it had a mp of 70°. 

With a crystalline derivative in our hands, an X-ray 
crystallographic analysis was undertaken. ?? A single crys- 
tal was placed in a capillary tube, using a dry-box to 
ensure that the crystal was in an inert atmosphare. This 
seemingly simple process demanded extraordinary care 
because of the sensitivity of il to oxygen, and was executed 


by Dr. Nakamura of this laboratory. The X-ray analysis 


was performed by Drs. James and Delbaere of the Biochemistry 
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Department. Figure IV shows the geometry of this molecule. ?? 


It is quite clear that the chemically equivalent bonds 
Pe Ci 2 eC (2) —-C(4)7 and C(2)-C(3), C(3)-C(4)care of 
unequal length. The two short bonds, C(1)-C(2), and C(3)- 
C(4) are in the range of the aromatic bond length of 
394K therefore definitely much longer than normal 
double bonds Oess5n 7°? Of the two longer bonds, only 
C(2)-C(3) is of single bond character whereas C(1)-cC(4) 
has a length similar to that of a bond between C(sp*) and 
C(sp*){viz. ¢(2)-c(7), €(3)-C(11), and C(4)-C(15)}. Even 
though there appears to be over-crowding of the tert- 
butyl groups, the closest H-H approach in this conformation 
Pee 2.13A, not Significantly shorter than the van der Waals 
contact distance of 2.2-2.3A expected for hydrogen atoms. 

The four carbon atoms of the ring are strictly co- 
planar. Also, the four non-hydrogen atoms of the carbo- 
methoxy group are co-planar, and the dihedral angle between 
eles ptaneson eChitSegrouprand) that.of the ring is §4.1°. 
Steric interactions with the neighboring tert-butyl groups 
clearly imposes this conformation on the C(1)-C(5) bond, 
thus little or no mt-electron overlap from the C(5)-C(1) 
bond with the ring is possible. 

Because of the substitution pattern of 11, the two 
bonds C(1)-C(4) and C(1)-C(2) would be of equal length, if 


a square conformer were the true energy minimum of this 
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Figure IV; Molecular structure of me thy iT jeri stent os 
| SCOP (ECT RE lose brea earbe il. (The 
three .sites (occupancies 40.451 40532 Onl 7) 
of the disordered methyl group bonded to 
C-15 are designated as 1,2, and 3, respec- 


tively.) 
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particular system. Our result therefore represents the 
first clear, direct evidence to demonstrate that a rectan- 
gle, distorted slightly by the substituents, corresponds 
toe the most stable conformation of this [4Jannulene system. 
The photoelectron spectrum (pes) of ll was recorded, >! 
by Dr. Brown of this department. Figure V. shows the 
spectra of diazoester 46, of ll, and of freien oxyge- 
nated material 6 1ne The first vertical ionization poten- 
tial (vip) of 11 was 6.90 eV and would be assigned to the 
removal of an electron from Ts of the [4]annulene system. 
BeEeLirst glance, this vip) value appears to correlate well 
with that reported for L2G. 89 au) .27 However, due to 
the presence of the indnetively electron-withdrawing caxbo-~ 
methoxy group which lies nearly perpendicular to the plane 


of the ring, -” the value for 11 would be expected to be 


SSeS ee eee eee eee 


*) As yet, the product(s) of oxygenation have not been 
identified. It would be a mixture of the initially formed 
dioxetane derivative and/or its decomposition products. 

**) A linear combination of two 7 molecular orbitals (LCMO) 
gives a bonding orbital (m+) andganyantizbonding orbitel 
(m7 -™) both of which are occupied. The latter orbital is 


referred to as To. 





COUNTS PER SECOND 
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Figure V; Photoelectron spectra of 46, Pl, 


and 61. 
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somewhat higher than that of 12. We feel that two fused 
rings in 12 would restrict the geometry in such a way that 
the two double bonds would become more localized and 


interact less. Indeed, the single bonds in Zr AbemEOUNnG 


to be 1.60 A long, “© andehence ties Ginst. Viplassigned! to 
To in 12 should appear at somewhat higher energies than 
in unrestricted tetra-tert-butyl[4]Jannulene. In contrast, 
ll contains somewhat sMorter Single bonds of 1.506 and 
PA, pa It appears as though the presence of the carbo- 
methoxy group in 11 counterbalances the effect of dis- 
cortion in 12 and hence the vip's are the same. 

The value reported for the first vip of Grace nus 


butyl [4Jannulene 13 of 6.83 evan 


indicates a lower value 
in the absence of the carbomethoxy group, which is in 
agreement with the above reasoning. 

The ionization pertaining to the second band in the 


photoelectron spectrum of 11 (9.45 eV) cannot be assigned 


with ahsolute certainty at this time. While we cannot 
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rigorously exclude the possibility that this band is due 
to some impurity, careful and repeated experiments have 
shown no diminution of band 2 with time. If one is allowed 
to use CNDO/2 calculations as an aid, then this band can 
be assigned to removal of an electron from a o-orbital 
located primarily on the [4]Jannulene ring. That the ioni- 
zation occurs simply from the carbomethoxy group can be 
ruled out since the values reported for methyl acetate’ 
are 10.45 eV (ng) and 11.16 (m))."" 

Due to the presence of the substituents, the above 
first vip values of 11 is expected to be roughly 1.5 even 
lower than that for parent [4Jannulene. The value reported 


by Hedaya et aia” 


of 8.2 eV based upon the appearance 
potential of the molecular ion stands as the best present 


value for the first vip of [4]Jannulene. 





*) We can be certain that this peak is not due to either 
the starting material 46 or the final peenares product 
61, since the photoelectron spectra of these two are quite 
different from that of 11 as shown in Figure V. 

**) The reported photoelectron spectrum?” of 13 shows the 
second band at ca. 9.0 eV. This would thus be due to the 
impurity in the sample. 

***) The effect of substituting a tert-butyl group for a 
hydrogen in ethylene is to lower the observed ip from 
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The above presents a full account of our findings 
on methyl tri-tert-butyl[4]annulenecarboxylate oe ne 
compound has now been fully characterized and has provided 


important information concerning the ground state properties 


of the [4]Jannulene system. 


3. Tri-tert-butyl [4] annulene aye 
Seana ee ee ee! kA aa 


We next embarked upon the synthesis of Cri tentn 
butyl[4]annulene 13, which would elucidate the nature of 
the magnetic ring current induced in the [4]annulene system. 
The synthesis involved the use of conventional methods. 
Thus, tri-tert-butylcyclopropenium fluoroborate 49 was 
treated with sodium cyanide to form the apranehyerannber cyano 
compound 62 in 99% yield. Reduction with lithium alumi- 
nium hydride produced amine 63 (98% yield), which was then 
transformed to urethane 64. The N-nitrosourethane 65 was 
formed by the reaction of 64 with N50,- The N-nitrosourea 


66 was also prepared by a similar sequence. Although 


—l> — Ee ———— 
BF, N H,NH, H,NHCO,Et 
49 62 63 


— ——— —— os 


<—~———- ee NCO..Et 
Weise ia 2| 2 


NO 
NO 


66 65 
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base treatment of 66 did not afford any desired diazo 
compound, the N-nitrosourethane 65, upon treatment with 
sodium methoxide, provided the expected diazoalkane 47 in 
addition to variable amounts of the cyclobutene derivatives 
67 and 68. The formation of the diazo compound was indi- 
cated by the pink color of the reaction mixture and an ir 
absorption at 2030 ail The pmr spectrum of the mixture 
Showed peaks attributable to the diazo compound at § 0.98 


eater. 17) (PSH) and) 4.07 (1H). 


OH OMe 
—— ae + 
bi Nooo Et 
N 


O 
65 47 67 68 

Generally, >° when N-nitrosourethane 69 is treated with 
base, diazotate salt ZOViss formed awhichsis stable in the 
absence of a proton source. Protonation of a diazotate 
salt 7/0 by the addition of water, affords a diazotic acid 
71, which partitions between formations of diazoalkane Ue 
and carbonium ion 73, depending on the structure of the 
compound and reaction conditions. In the present case, the 
formation of cyclobutene derivatives 67 and 68 is rationalized 


by the formation of the carbonium ion intermediate 13% 
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R-CH)-N-CO,Et ——p> R-CH,-N=N-0” ——> R-CH,-N=N-OH 
NO 
71 
oad nae 
69 70 Aig 
aon ine 2 ae 
2 
R-CH=N R=CHy 
72 73 


Because of the instability of diazoalkane 47, we photo- 
lyzed the crude mixture directly at low temperature. The 
progress of the photolysis at -70° was monitored by low- 
temperature pmr spectroscopy, and it was observed that a 
new signal at 6 5.38 (1H) and additional two singlets at 54 
1.05 (18H) and 1.22 (9H) appeared at the expense of those 
ascribed to diazoalkane 47. These new signals disappeared 
almost instantly either on exposure to air or warming to 
room temperature. The reactivity of the photo-product pre- 
cluded further purification, nevertheless the pmr signals 
are evidently due to the desired tri-tert-butyl[4]annulene 


13. Further confirmation of the structure was obtained 


4+ H 
—__ > —_L_» 
2 | oA, 
13 
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chemically. Maleic anhydride was added to the crude photo- 
lysate at -78°, and the adduct 74 was obtained as colorless 
crystals, mp 123.0-124.5°. The pmr spectrum showed three 
Perntsbutyl qEoups. and the cmr spectrum exhibited two ole- 
finic carbons. These results indicate that the adduct has 
a [2.2.0]bicyclohexane ring system, similar to adduct Doe 
The presence of an ABC system at § 3.1-3.5 in the pmr 
spectrum suggests that a proton is attached at the bridge- 
head position. Although the stereochemistry of the 
anhydride moiety is not unambiguously established, it is 
tentatively assigned the endo-configuration by analogy 
with 53. 

This compound 13 is the first [4]Jannulene derivative 
which possesses a proton directly attached to the t-system. 
Metigm tne Co2eproton (656.42) of cyclopentadiene asva 
reference, the difference, AS=1.04=6.42-5.38, may be taken 
as the paramagnetic contribution of the induced ring current. 
If one neglects the. perturbation of the electronic struc- 


ture of 13 caused by the three tert-butyl substituents and 





Z 
adopts, (i) the equation (1) advanced by Pople and Untch, °° 
: ae 23 
~) Lne.equation, (l) 1s: 
Occ a 
I=- (n*e7g,/h2c) 8 (327/ 2m?) \> [1+2Acos (415/M) +27] Sac 
j 


[A+ (14.7) cos (405 /M) tacos? (415/M) ] 
where I,S, i and Byare induced ring current per unit magnetic 
field, area of the ring, the degree of bond alternation, and 
B value for benzene respectively. Aé=I x spacial factor (Biot- 


Savart law). 





to calculate the induced ring current in an [M]annulene, 


24e 


(ii) the reactangular geometry predicted by Dewar, (these 


values are quite close to those of compound 11), and (iii) 
Coulson and Golebiewski's equation for the estimate of Noe 
one obtains a paramagnetic contribution of 1.18 ppm for [4]- 
annulene (the calculation was done by Mr. Morio of this 
department). The agreement between the experimental and 
calculated values is excellent. Thus, one can conclude 

that the ring current induced in the [4]Jannulene system is 
paramagnetic, but not diamagnetic. 

Maier et al. were able to synthesize 13 by an indepen- 
dent route.>® Tri-tert-butylcyclopentadienone 75, upon 
photo-irradiation at -198°,loses carbon monoxide and forms 
13, which exhibits a pmr spectrum identical to that of our 
compound. They also succeeded in obtaining the photo- 


electron spectrum of ie 


The first vip was found to be 
6€.83 eV, leading them to the conclusion that USeiserectan= 


gular and_having a geometry similar to that of 12. (However, 


see footnote** on page 42.) 
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We have thus succeeded in preparing tri-tert-butyl [4]- 
annulenemi a, the first example of [4Jannulene derivative 
with a proton directly attached to the ring and have 
demonstrated the existence of a paramagnetic ring current, 
the degree of which is in good agreement with the theore- 


tically calculated value. 





B. Spectroscopic detection of parent [4}annulene.°7 


Our attention was next turned toward the detection 
of parent [4Jannulene itself, trapped in a matrix, by 
means of its uv and esr spectra. The ideal precursor re- 
quired for this purpose is a compound which generates 
[4Jannulene by a photochemical reaction, one of very. 
few chemical transformations which can be induced in a 
low temperature matrix. Another requirement is that the 
Side products which are formed must be transparent in the 
uv region of interest, and also must not interact chemically 
with [4]annulene. 

It is known that anhydride 76 photochemically produces 


phthalic anhydride and ethylene quantitatively. °° We 


ee + HyC=CH, 


therefore anticipated that the tetracyclic triene 77 would 
photochemically generate [4]annulene 1 together with 
phthalan, which has no uv absorption above 280 nm and 


would be expected to form no charge-transfer complex with 
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[4] annulene,. 


The cuthngatic of 77 was accomplished by the following 
route.) A’ Diels-Alder:reaction of anhydride ee and 
“cyclobutadiene" which was generated in situ by the 
Oxidative decomposition of iron complex 3,) afforded a 
mixture of the desired adduct /Smandmunreacted stamting 
anhydride 78. The excess reagent 78 could be selectively 
hydrolyzed in methanol, and the neutral product was iso- 
lated. The stereochemistry of this adduct is very likely 


to be as shown below, based on the general mode of the 


Diels-Alder reaction. 
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The anhydride 79 was reduced by lithium aluminium 
hydride toethetdiol! 80qini88seyields Cyclization. to 
ether 81 was achieved by treatment with one equivalent of 
tosyl chloride. The initially formed mono-tosylate appeared 
to cyclize relatively slowly in competition with the 
formation of the ditosylate of 80. Therefore, ‘after’ a small 
portion of tosyl chloride was added, the cyclization 
step was forced to completion by increasing the reaction 
temperature. Then this process was repeated until one 
equivalent of tosyl chloride was added. In this way the 
formation of the ditosylate was minimized. No detectable 
amount of the ditosylate was obtained, and the expected 
ether 81 was obtained in 75% yield. 

We attempted to convert the cyclohexene moiety to 
the corresponding cyclohexadiene by a bromination-debromi- 
nation sequence. Thus, the ether GiwaswLreatedmwith bro— 
mine; however, only a complex mixture was obtained. 
Epoxidation of 81 with m-chloroperbenzoic acid produced. 


only the undesired epoxide 82. 
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However, oxidation®?’ by singlet oxygen produced the 
fruitful result. Diene 81 was irradiated in methanol with 
a high pressure mercury lamp in the presence of methylene 
blue as a sensitizor, while oxygen gas was bubbled through 
the reaction mixture. The crude allylic hydroperoxide 
was reduced directly with lithium aluminium hydride to 


give allylic alcohol 83 in 60% yield. 


— 86-8 
TsN 
H ah 

83 84 85 


77 


Oxidation with manganese dioxide converted alcohol 
83 to the corresponding a,f-unsaturated ketone iS NaS 
tosylhydrazone Boye Lormed, by reaction swith Revarilnaenne 
in methanol, was reacted with two equivalents of methyl- 
Lithium®? to produce the expected triene 77 in yields of 
10-50%. The triene was purified by preparative glpc 
63 


(UCW-93)i Lt iseknown, however, that carvone tosyl- 


hydrazone forms the corresponding diene in very high 
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yield. The low yield of triene 77 is rationalized by the 
fact that the proton which must be abstracted in igus 

in a very hindered position, compared with the corresponding 
proton in carvone. 

Sharpless et al. has reported a successful deoxygenation 
of an epoxide using a WC1,-n-butyllithium reagent. °* 
Although the actual reacting species as well as the reac- 
tion methanism is not clear, we examined a different 
scheme leading to triene 77, which could use this deoxy- 
genation reaction in the final step. The epoxide 82 was 
treated with bromine in dichloromethane to form the 
dibromide 86, which was used directly for the dehydrobromi- 
nation step. Treatment of crude 86 with potassium cents 
butoxide in senepiel sulioxi1desproducedud iene sO/ei1m cs 
overall yield from epoxide 82. Deoxygenation of 87 with 
WCl.-n-BuLi®* was carried out at room temperature and 


plemexpected | trieney//ewas obtainedin,/2%3 yield. 
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The structure of this triene v7? is confirmed by its 
pmr, uv, ir, and mass spectra. After the above results 
were printed, Martin and Hekman reported the preparation 


of this triene through an alternative route, as shown belowmae 


vy 


This sequence has a serious drawback in that the 
cyclization of 88 proceeds only in poor yield. Treatment 
of diol 88 with tosyl chloride, as reported, ©? produced 
ether 89 and a substantial amount of by-product, to which 
the authors assigned the structure 90. We expected to 


be able to obtain the ether 89 by cyclization of this 
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mono-tosylate, and treated 90 with bases such as pyridine, 
sodium hydride, sodium amide, and potassium tert-butoxide. 
However, the starting material was invariably recovered 
unchanged. This unexpected stability and the pmr spectrum 
of this compound led us to doubt the correctness of the 
proposed structure 90. The pmr absorptions for the two 
CH, groups are at § 2.00 and 3.53. The corresponding 
absorptions in diol 88 and ether SOR are dtesons 60 and 
3.59, respectively. Structure 91 explains the large 
chemical shift difference between these two methylene 
signals, and should be assigned to this by-product. 

The cyclization step to form 89 has the lowest yield 


(213) reported®? 


for this sequence. We examined several 
modifications in order to improve the yield, and found 
that initial formation of the dianion of diol 88, followed 
by cyclization by means of tosyl chloride raised the yield 
OLSS9 Co 553. | 

As expected, triene 77 has a broad uv absorption at 
250-260 nm. This region is ideal for the subsequent photo- 
reaction using a low pressure mercury lamp which emits 
Mainly the light of 253.7 nm. When triene 77 was irradiated 
at -90°, the pmr spectrum of the photo-products showed 
peaks only for phthalan (6 4.96, 7.16) and the [4]annulene 
syn-dimer (3 3.05, 5.94). These two products were also 
identified by glpc analysis (UCW-98). This indicated that 


the reaction took place in the expected manner to form 
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[4Jannulene 1 as a reaction intermediate. 


Ro — +> +{ | 


77 1 


In order to record the uv spectrum of enn eae Oh 
in a matrix, low-temperature photolysis was carried out. 
2-Methyltetrahydrofuran was used to form a transparent 
Matrix at near liquid-nitrogen temperature. A solution of 
triene 77 in 2-methyltetrahydrofuran, under an argon atmo- 
Sphere, was placed in a l-cm quartz uv cell. The cell 
was cooled to below -170° with nitrogen gas, which was 
pre-cooled in a liquid-nitrogen bath. Irradiation by a 
low pressure mercury lamp was continued for 1-2 hours and 
the uv spectrum recorded. The matrix was then melted and 
subsequently cooled to the same temperature as before, and 
the uv spectrum again recorded. The difference of the two. 
spectra was taken to be the spectrum of [4]Jannulene, which 
was found to have a maximum at 300 nm (e 100), (Figure VI.). 

The esr spectrum of the photolyzed matrix was recorded, 
but no esr signal attributable to a triplet species was 
observed. These results indicate that the triplet state 
of [4Jannulene is neither the ground state nor a low-lying 


excited state. The weak absorption at 300 nm agrees espe- 
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Figure VI; Uv spectrum of [4]Jannulene. 
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cially well with the calculated result for the Singlet 


[4Jannulene, which was predicted 24b,c 


to have a weak 
absorption in the visible region. 

Maier et al. have developed an independent route to 
[4] annulene derivatives. °® Irradiation of anhydrides oe 
having simple alkyl substituents was expected to result 
in the elimination of carbon dioxide and carbon monoxide, 
forming [4]Jannulene derivatives. In most experiments carried 
out to date, cyclopentadienones, which possess strong uv 
absorptions, are formed together with the desired [4]annu- 


lene derivatives. Consequently, the observation of the 


desired weak uv absorption of [4]annulene was not achieved. 


After the publication of our result, the same group 
Teperatedaciesxesultvor the photolysis of the parent. and 
mono-tert-butyl substituted cyclobutenedicarboxylic anhyd- 


rides, 065.67 


In both cases, the desired [4]annulene, 
which was generated in an ether/tetrahydrofuran/isopentane 
matrix, exhibited a uv absorption at 301 nm. No cyclo- 


pentadienone was formed. These results corroborate our 


observation that [4]Jannulene possesses a weak uv absorp- 
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EiOnsats 300.nm. 

They also prepared tetramethyl [4]annulene 2eoeeinea 
matrix from a number of precursors Oop PME LEmeSniould 
be pointed out that compound 97 has the same basic ring 
structures as our precursor 77. When 96 was irradiated in 
a matrix, a deep coloration was observed due to a maximum 
at 495 nm, and a dimer of tetramethyl[4]annulene and phthalic 
anhydride were isolated from the reaction products. On 
Cleavage of 97 neither coloration nor a maximum above 300 
nm was observed, although a dimer of tetramethyl [4]annulene 


and phthalan were produced. Similarly, 94,95, and 98 were 
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photo-cleaved generating tetramethyl [4]annulene 9251n a 
matrix. However, a different uv spectrum was recorded for 
each one of these fragmentations. These inconsistent 
results were explained by the formation of a charge- 
transfer complex between tetramethyl[4]Jannulene and the 
other cleavage product. For instance, cleavage of UGegene— 
rates 93 and phthalic anhydride simultaneously. The neces- 
Sary geometric arrangement to form a charge-transfer complex 
99 is already provided by the starting material. On the 
other hand, the maximum at 423 nm observed upon cleavage 
of 94 is solely due to tetramethylcyclopentadienone. Only 
the fragmentation of 97 generates free tetramethyl [4]- 
annulene since phthalan is not prone to act as electron- 
acceptor, and no appreciable absorption above 300 nm was 
observed. These experimental results support our own 
finding that the observed absorption of the product formed 
by the photolysis of 77 is indeed that of [4]annulene 
itself. 

All of these results obtained from the matrix uv spec- 
tra suggested that the ground state of [4]Jannulene has a 
Singlet spin state, as supported by theoretical predictions. 

However, contrary. to this,, the ir spectrum of) [4)— 
annulene was characterized in an argon matrix by two inde- 


24f,69 leading to the conclusion that [4]- 


pendent groups, 
annulene has a square geometry suggesting a triplet (ground) 


state. Upon irradiation, a-pyrone, isolated in an argon 
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matrix at 8°K, converts slowly to the #-lactone 100. 
Further irradiation gives rise to [4]annulene 1 and carbon 
dioxide. Group theory predicts four ir active fundamentals 
for D 4}, (square planar)- and seven for Do), (rectangular) - 
[4Jannulenes. The simplicity of the observed [4]annulene 
ir spectrum, which consisted of four absorptions, led the 
authors to conclude that [4]annulene has Dan symmetry. 


The location of the bands is also in good agreement with 


Q— Ol —o -« 


100 it 


those obtained by the theoretical calculations. They also 
prepared mono-, 1,2-di-, and 1,3-dideutero[4]annulenes from 
appropriately deuterated a-pyrones. The inspection of 
these spectra supported the authors! conclusion. This 
result is apparently in contradiction with other findings, 
all of which support the rectangular singlet ground state 
of [4]annulene. 

Recently, Dewar published a suggestion for this dis- 
crepancy. /° According to his MINDO/3 calculations a rec- 
tangular singlet (RS) is the ground state of [4]annulene, 
lying 3.6 kcal/mol below the square triplet (ST). A ‘square 


singlet (SS) is predicted to be unstable byes. Keal /mol 
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relative to the ST. The intersection of the singlet and 
triplet states therefore lies above ST in energy. Since 
spin-orbit coupling is expected to be unimportant, conversion 
of ST to RS should require activation, with the transition 
state corresponding to the lowest point along the inter- 
section of the singlet and triplet surfaces. Dewar calcu- 
lated that the transition state for this conversion lies 

2.3 kcal/mol above ST. He further concluded that the 
activation energy from ST to RS is at least 3.5 kcal/mol, 

and suggested that the species obtained from a-pyrone would 


have been the triplet and not the ground state. 
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C. Conclusions. 

As described above, the century-old problem concerning 
the ground state properties of [4]annulene has almost 
reached its final solution. The following is a summary 
of our experimental results. 

1) Methyl tri-tert-butyl[4]annulenecarboxylate 11 was 
obtained in pure crystalline form. The X-ray analysis 
revealed that the four-membered ring has a rectangular 
geometry with rather extensive bond-alternation. We are 
now almost certain that the ground state of [4] annulene 
system is a singlet. The likely geometry is a rectangle 
with two short bonds of approximately 1.37 A and two longer 
enessoOr the order of 1.51 A. Should [4]annulene prove to 
be square for reasons that are not obvious at the present 
moment, both square and rectangular must reside ina region 
of a flat potential surface. 

2) Tri-tert-—butyl[4]annulene 13 was prepared in solution 
and its pmr spectrum indicated the presence of a para- 
Magnetic ring current. 

3) Parent [4]Jannulene 1 isolated in a matrix exhibits a 


weak uv absorption at 300 nm. 
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CHAPTER IV. EXPERIMENTAL. 


General 

All melting points and boiling points were 
uncorrected. 

The pmr and cmr spectra were measured with Varian Asso- 
Ciate A-60 or HA-100 spectrometers and a Bruker HFX-10 spectro- 
meter, respectively. Tetramethylsilane was used as internal 
standard, unless otherwise stated. All coupling constants 
eleslepor ced neize Inereportcing: pmunespectral "data, the 
following abbreviations are used. 

S ; singlet 
diersdoublet 
ce: temp ket 
q ; quartet 
m ; multiplet 

The ir spectra were obtained on a Perkin-Elmer model 
Zee otCaLeauspectrometer., Inireporting irespectral, data, 
the following abbreviations are used. 

S ; strong 
m ; medium 
w ; weak 
bes) broad 

The uv spectra were determined using Cary model 
14 and 15 spectrometers. 


The mass spectra were obtained with A.E.I. MS-2 and 
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MS-9 mass spectrometers. 
Glpc analyses were performed with an F&M modle 5750 
with 1.8 m columns (packing is indicated in the text). 
The following abbreviations are -used for chemical 
names. 
LAH ; lithium aluminium hydride 
THF ; tetrahydrofuran 
HMPA ; hexamethylphosphoric triamide 
DMSO ; dimethyl sulfoxide 
The pH 7 buffer solution was prepared by dissolving 
KH5PO, (lie pean Na,HPO, (18.9 g) in water (1000 ml). 
All experiments were conducted under nitrogen or argon 
atmospheres. A rotary evaporator (water aspirator) was 
used for the removal of solvents from all reaction mixtures, 


unless otherwise specified. 


Photolysis of tri-tert-butyl[4]Jannuleneiron tricarbonyl 
(17) an the presence of dimethyl acetylenedicarboxyalte. 


A solution of 17 (355 mg, 0.99 mmol) and dimethyl 
acetylenedicarboxylate (430 mg, 3.0 mmol) in ether (90 ml) 
was irradiated with a high pressure mercury lamp (Pyrex 
filter) at -60° for 2 hr. Evaporation of the solvent and 
chromatography on silicic acid (25 g) gave a mixture (220 mg) 
of dimethyl acetylenedicarboxylate and an iron-free adduct, 


presumably dimethyl 3,4,5-tri-tert-butylbicyclo[3.1.0]hepta- 
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3, 6-dien-2-one-6, 7-dicarboxylate Lose (Cau LO) sy eandea brown 
solid (259 mg). The latter product exhibits SCrLONGHLE 
absorptions at 2030, 1985, and 1965 cm + suggesting that 
it is an iron carbonyl complex. Pure adduct 19 was obtained 
by chromatography on silicic acid (25 g) using chloroform 
as the eluent. 
pmr 6 (CDC1.); eel Stel ly (OH 1S) ven le 2m OHS i, 31875 
GEHyS Vo 08 (3H,S)7 13.90) (3H;s). 
ir (CHC1,); 1730 at Vee 
mass spectrum; 390 (M*) . 
elemental analysis; Calcd for C53H3,05: ey TAO UG ARE tha TASES 
BOUNC*sC 0 ce) > eat. O 26,2 

The ere (88 mg), produced in the above reaction, 
was dissolved in acetone (10 ml) and ceric ammonium nitrate 
(634 mg) was added at 0°. Stirring was continued at 0° 
for 30 min, and the solvent was removed. Chromatrography 
On a small amount of silicic acid using chloroform as the 


erucitegave an O1l)(7/ mg). “The pm spectrum indicated 


that the major product was 19. 


Reaction of 3-dichloromethyl-1,2,3-tri-tert-butylcyclo- 





propene (24) with tert-butyllithium. 


To a solution of dichloromethane (339 mg, 4.0 mmol) 
in THF (20 ml) was added at -78° a hexane solution of ne 
butylilaithiume(1 35 M, 2.66) ml,9450 mmol) Atter stirring 


for 15 min at -78°, tri-tert-butylcyclopropenium fluoro- 
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borate 49 (1.0 g, 3.4 mmol) was added in small portions. 
Stirring was continued for 2 hr at -78°, then the reaction 
mixture was warmed to -25° and to this was added in 
dropwise a pentane solution of tert-butyllithium (2.2 M, 
1.8 ml, 4.0 mmol). After 2 hr stirring at -25°, the reaction 
mixture was poured into ice. The organic layer was washed 
with brine (3x10 ml), and dried over MgSO,. Removal of 
the solvent followed by a molecular distillation (bath 
temperature 24-27°/0.05 mmHg) afforded an oil (660 mg), 
Rinehe con iaines chloro-tri-tert-butylbutadiene 25 in ca. 
90% purity. Pure diene 25 was obtained by preparative 
gipce (UCW-98, 135°)" 

pmr 6 (CDC1,); OOM OH, S) 7 ket On (IHs SS) ele eNO H YS) % 

eae (lt, Ss) 6.07 #( LH, Ss)’. 

mass spectrum; 256,258 (Mm ealed etor Carrie. Clyasenye 


Wes) 


Methyl tri-tert-butylcyclopropenyldiazoacetate (46). 





To a vigorously stirred solution of methyl diazo- 
acetate (903 mg, 9.03 mmol) in ether (40 ml) and THF (40 ml) 
was added dropwise at -110° a hexane solution of n-butyl- 
lithium (1.6 M, 6.0 ml, 9.6 mmol). After the addition was 
complete, the mixture was stirred for 40 min at -110°. 
Finely ground tri-tert-butylcyclopropenium fluoroborate 
(2.358 g, 8.00 mmol) was added in small portions. After 
3 hr of stirring at -110°, the reaction mixture was allowed 
to warm very slowly to room temperature, poured into brine 


(200 ml), washed with brine (100 ml), and dried over Na,SO,. 
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Filtration and solvent removal left a brown Ol Fa awhich 

was chromatographed on neutral alumina (ACGiwi Eyagnades Lil. 
75 g) using pentane/ether (100:3,v/v) as the eluent. Yellow 
crystals, 2.19 g (88%) were obtained, mp 46.0-47.5°. 

pmr 6 (CDC1,); Ors9 2aaGoH, Seales GOH, Sian S72) (SH, Ss). 


ir (CHCl); 2080 at DEA Le 


Methyl tri-tert-butyl[4]annulenecarboxyate Cire 
co eee ee ee 2, EE ieee 


Diazoester 46 (336 mg), dissolved in methylcyclo- 
hexane-d, , (1.6 ml), was irradiated with a high pressure 
mercury lamp (Pyrex filter) at -78° for 13 hr. After 3 hr 
of irradiation, light brown crystals began to precipitate. 
When the phtolysate, after completion of irradiation, was 
warmed to room temperature, the precipitated crystals 
dissolved. The conversion to ll was almost quantitative. 


pmr 6 (methylcyclohexane-d 


Gy ip aloe L8H, sh, W193) (9H, s), 


Grae ee (3H,.S)) 

cmr 6 (methylcyclohexane-d, ,); 2:9 snl (H,C-C), Ge GaSe ac 
(quant -G)),,-5.0,..4 (OCH,), 4 Le Opel 4es5 (ote binicoC)y eel Oo, 
(C=O). 

(ed 


(pentane); 425 nm (e 47). 


ir (pentane); 1716 cm. 
Uv Anax 
The photolysate was cooled to -78°, and after crystals 
had appeared, the mother liquor was removed by syringe. 
Recrystallization from pentane at -78° was repeated twice 


and the pure crystals were dried under vacuum. The crystals 


sublimed at 50°/0.01 mmHg and had a melting point of 70.0°. 
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A single crystal was mounted manually in a capillary tube 
for X-ray analysis. This operation was carried out in a 
rigorously anhydrous dry-box under an oxygen- free nitrogen 


atmosphere. 


Adduct of 11 with maleic annhydride. (53) 





Irradiation of diazoester 46 (428 mg, 1.4 mmol) in 
ether (30 ml) as before at -78° for 2 hr afforded a light 
brown solution, to which was added a solution of maleic 
anhydride (137 mg, 1.40 mmol) in ether (1.5 ml) and THF 
(1.5 ml). The mixture was allowed to warm to room temperature. 
Removal of the solvent gave a colorless crystalline product 
(479 mg, 89%), which, after sublimation at 80° under high 
vacuum, had a melting point of 213.0-215.0° (ether). 
pmr 6 (CDC1,); 10 Se(9H bs), 222 9(9H,'s)* 7 M304 (9H; sys 
etre PUSH ey, sO eK LH, dd, J= 98.5) 94. 20. (1H, d ,J=8 3 )0 
cmr 6 (dioxane-d,); 27 £8,315 OF 828 (H,C-C), 33 75S SANA 
Ores “quart .-C), 40 1950/40 4s (tCert-C)}i57 22), 6826" (Other 
ea te © yet aes peo aes (Olera mic—e )& IsMIe sen 225 72 ATA (C=O) . 
ir (nujol); 1865 cm + (m), 1796 (s), 1715(s). 
uv (ether) ;" 215° nm" ©3240)5 225% (1665) ,0235%1(680)4 
mass spectrum; Calcd for C,H 0_: m/e=376. 2250 


2005 25 
Found: m/e=376.2241. 
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Conversion of anhydride 53 to lactone Shel 
SRR eee ae 


A mixture of anhydride Som ClLOizemo, Oecd anno) isod Tum 
carbonate (28.5 mg), water (3 ml) and dioxane (2 ml) was 
stirred at 70° for 15 min. At the end of this time, a 
clear solution was obtained. The reaction mixture was 
filtered, acidified with 2 N HCl, and extracted three times 
with dichloromethane (60 ml in total). The combined 
extracts were washed with brine (50 ml) and dried over 
NS a Filtration and evaporation of the solvent left 
diacid 58 (110 mg), which was used directly in the next 
step. 
pmr 6 (CD,0D); P09 WH, Ss) Le26e(9Hps)s 1.341 (9H,s)+'3.58 
S253 (2H; AB; VI=1152)7°3569>(3H, Ss). 

A solution of diacid 58 (110 mg, 0.27 mmol) in water 
(2.5 ml) containing triethylamine (0.3 ml) was added to 
pyridine (20 ml) in an electrolysis cell, which was cooled 
with an ice-bath to maintain the solution at about 20°. 

The solution was electrolyzed with a current of 600 mA (70 
V), which after 1 hr decreased to less than 100 mA. The 
reaction mixture was diluted with water (40 ml) and extracted 
with pentane (6x30 ml). The combined pentane extracts were 


washed with cold 2 N HC]. (3x10) ml) 7 ot NaHCO (8x200ml 


3 


brine (30 ml) and dried over Na,SO,. The solvent was 


removed to leave a white crystalline product, 37.9 mg (46%), 


mp 200° (dec.). 
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pmr 6 (hexamethyldisilane, chlorobenzene, 150°); 0.96 (9H,s), 
Tees) yale 2de(IH,S)—3,-45-(3H,s), 3.12 , 3.53 (2H, AB 
J=11.2). 


ir (CHC1,); 17a5™cmaee (Sy 73s" eye 


Adduct of 11 with dimethyl acetylenedicarboxylate. (60). 
nen a elena ce ok RE 


After the irradiation of diazoester 46 (206amg, = 1.00 
imo pinwethers(25eml) at —-78° for 85 min, a solution of 
dimethyl acetylenedicarboxylate (116 mg, 0.82 mmol) in 
ether (2.5 ml) was added. The mixture was allowed to warm 
to room temperature. After standing at room temerature for 
2.5 hr, the solvent was removed to leave a yellow solid 
(329 mg), which was chromatographed on silicic acid (15 g) 
using pentane/ether (10:1, v/v) as the eluent. Pure crys- 
talline adduct 60 was obtained , 240 mg (70%), mp 99.5- 
100.5° (pentane). 
pmr 6 (CDC1,); 1.16 (9H,s), 1.23 (9H,s), 1.26 (9H,s), 3.36 
gS) peor (GOH, s):. 
cmr 6 (CDC1,); Or Ol ae Ue Ops Lees (CH3), 332.0753 4 4,034.6 
(quart.-C of tert-butyls), 51.1,51.8 (OCH,), 61.2, 73.7 
(Guabee ©), 214404 ,. 252.7, 153.0, 157-9 (olerinac—@)7, 16223372 
EOS eel LS (C=O). 
ir (CHC1,); 1740 cm *(s), 1635 (s). 
uv (ether); sh Zs Omni ah (eet OO) re 
mass spectrum; 420 (M*). 
elemetal analysis; Calcd for C4 4836%%: CpO8e5 41H 7's . 65% 


POUNGd: a C,OUmo.0 smi. 6 16S. 
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1,2,3-Tri-tert-butylcyclobutene. (57) 


—_—_—_—_———_—__—-: YX kerr 


This compound was prepared as reported??> from 3,4- 


dichloro-1,2,3-tri-tert-butylcyclobutene. 
omr 6 (CDC13); 28.3, 31.0 (H,C-C), 29.4 (CH,), 32.6,32.7 
(quart.-C), 49.8 (tert-C), 148.1,148.3 (olefinic-C). 


Eve cner) > 2loonm. («.2640), 225 (294), 235 (61). 


3-Cyano-1,2, 3-tri-tert-butylcyclopropene. (62) 





A mixture of tri-tert-butylcyclopropenium fluoro- 
borate (10 g, 34 mmol), NaCN (32 g, 0.65 mol) and water 
(500 ml) was stirred at room temperature for 1.75 hr. 
Ether (150 ml) was added and stirring was continued for a 
further 1.5 hr. The ether layer was separated, and the 
aqueous layer was vigorously stirred for 2 hr with ether 
(200 ml), after which the ether was separated. The combined 
ether layers were dried over MgSO, and evaporated to give 
pare cyano compound 62, 7.9 g ~(99%). 
pmr 6 (CDC1,); eZee, S) po vecorn Loh, S jr. 


Pee nent); 2220 em 


(s)r 


mass spectrum; Calcd for N; m/e=233.2144. 


Cioueg 
Found; m/e=233.2138. 
3-Aminomethy1l-1,2,3-tri-tert-butylcyclopropene.. (63) 


To a 2-1,three-necked flask, equipped with a dropping 


funnel, a reflux condenser, and a mechanical stirrer was 
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added cyano compound 62 (7.335 g,-31.4 mmol) and THF (550 
ml). With stirring, a THF solution of LAH (O=60eM Ae ESO mi, 
90 mmol) was slowly added at room temperature. After 23 hr 
stirring at room temperature, excess LAH was carefully 
peconmoced at 0° with a mixture of water (20 ml) and THF 
(30 ml). Filtration to remove the insoluble salts and 
washing of the salts with ether (500 ml) HS followed by 
evaporation of the solvents. A pure amine, 7.34 g (98%) -was 
obtained as a colorless oil. 

pmr 6 (CDC1,); OP Om Ss mele 20 (LUSH, Ss a2 OG m(2H-s)ic 

ir (neat); 3330 cm +, 

mass spectrum; No molecular peak. m/e 207 (base peak, 
M’-CH,NH,). Calc@ for C),H,.: m/e=207.2113. 


2 MS 24 7h 
Found: m/e=207.2109. 


Urethane of 63. (64) 





To a suspension of amine 63 (1.0 g, 4.2 mmol) and 
K,CO, (350 mg) in benzene (10 ml) was added dropwise a 
solution of ethyl chloroformate (550 mg, 5.06 mmol) in 
benzene (5 ml) at room temperature and the mixture was 
stirred for l hr. Sufficient ice was added to dissolve 
the inorganic salts and the benzene layer was separated. 
The aqueous layer was extracted twice with benzene (10 ml 
in total). The combined benzene layers were washed with 
brine (20 ml) and dried over Na,SO,. Removal of the solvent 


followed by distillation (bath temperature 80°/0.02 mmHg ) 
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yielded urethane 64, 1.1 g (988%). 
pmr 6 (CDC1,); OR OOH Sie ZOMOH, tye] 2) eel OO LSH,s)., 
Se430(2H,G,0=5.4), 4.08 (3H,overlapped with NH,g,J=7.2). 


ir (CC1,); 3450 cm7+(m), 1815 (w), 1725(s). 


Urea of 63. 


To a suspension of amine 63 (1.0 g, 4.2 mmol) and 
hydrochloric acid (1.44 Nee Oeil 4 2eIMO Ll eins water 
(30 ml) was added KCNO (1.02 g, 12.6 mmol) at room temperature 
and the mixture was stirred for 30 min at room temperature, 
and then for] We at 55°. The white precipitate was removed 
by filtration, washed with water (200 ml) and dried under 
vacuum to give the urea, 1.044 g (88%). 
pmr 6 (CDC1,); OS Sean S ime tie oe L OHS) ako mes Oa 2H ede 
a te 9 OenC LH, Db), 4. 60s.(2H;b)s 


i 


ir (CHCl); WOO CIO (S) is 


N-Nitrosourethane from 64. (65) 


To a suspension of urethane (OS (LIB ea Sitter uyelth)) 
and sodium acetate (324 mg) in THE (30 ml) was added I-22 


equivalents of N in ether (4.8 ml) at -30°. The pale 


Pan 
yellow solution was stirred for 40 min while allowing the 
temperature to reach 0°. The yellow reaction mixture was 
Chenesterrred for ss Hreat 0° serAsto me Mitra ci Ons throughea 
Celite-NaHCo, pad, which was then washed twice with THF 


(30 ml in total), the solvent was removed at 0°. The residue 





76 
was dissolved in dichloromethane (30 ml), washed with 5% 


NaHCO,, and brine. After drying over HEL EIS the solvent 


4? 
was removed to give 1.33 g (100%) of N-nitrosourethane. 

pmr 5 (CDC1,) 70.96 (IHS pee OmCLoh, o)peel. 45S, t= 7 92)), 
4.04 (2H,s), 4.50 (2H,q,J=7.2). 

ix (CCl,); 1815 om" (w), 1745 (s). 

mass spectrum; No molecular peak. m/e 281 (M*-tert-butyl) . 
calcd EOL C15H55N03: m/e=281.1865. 

Found: m/e=281.1873. 


N-Nitrosourea. (66) 


To a mixture of urea (539 mg, 1.92 mmol) and sodium 
acetate (160 mg) in dry THF( 55 ml) was added 1.0 equiva- 
lent of N50, in ether (0.45 ml) at -30°. The temperature 
was allowed to reach 0° over al hr period. The solution 
was filtered through a pad of Celite and NaHCO., which was 
washed with ether (100 ml). The filtrate was concentrated, 
diluted with dichloromethane (100 ml), washed with 5%NaHCO. 


and dried over Na,SO,. Nitrosourea 66 was obtained in 87% 
yield (516 mg) after the solvent was removed. 
pmr 6 (CDC1.); OS9 3a (9H os) Le Zobel oH Ss ipo. Ome heSoe 


ap 


bra (CHCl. ); 01735 cm ~(s). 


Reaction of N-nitrosourea 66 with base. 


To a slurry of sodium methoxide (30 mg, 0.55 mmol) 
in ether (5 ml) was added N-nitrosourea 66 (133 mg, 0.43 


mmol) at -30°. The mixture was stirred at -30° for 1.5 hr. 
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The original yellow color disappeared soon after the 
addition, and then the yellow color re-appeared. The 
mixture was filtered through a sintered-glass funnel at 
—78°. The ir spectrum showed peaks at 2215, 2105 and 


ak 1 


1735 cm ~, but no peak at 2030 cm -~-. 


Tri-tert-butyl[4]annulene (13) from N-nitrosourethane 655 


EE eee 


To a mixture of sodium methoxide (23 mg, 0.43 mmol) 
in ether (5 ml) was added N-nitrosourethane GDmnel2 Ommd;, 
0.36 mmol) in ether (1 ml). The mixture was stirred for 
30 min at -30°. Methanol (10 ml) was added and Sy erlame siiaye! 
was continued for 1 hr at -30°. The mixture was cooled 1) 
-40° and to this was added ethylene glycol-water (Cle I Ate 


1 ml). The organic layer was then dried over MgSO =ate-78°, 


4 
and filtered through a Celite pad. The ir spectrum of this 
product exhibited a strong absorption at 2030 cm? 
Methylcyclohexane-d, (1.1 ml) was added and the bulk of 

the solvent carefully removed under vacuum at -30°. The 
residual solution was transferred to a nmr tube. The pmr 
spectrum showed peaks for the diazo compound and the by- 
products 67 and 68. After irradiation at -70° with a high 
pressure mercury lamp for 4 hr, the diazo peaks had com- 
pletely disappeared. A new peak at 6 5.38 (1H) appeared 

as well as two. singlets at.61.05 (18H) and 1.22. (9H)...These 


absorptions and the yellow color of the solution disappeared 


almost instantly upon warming to room temperature or by 
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bubbling oxygen into the nmr tube. 

| The methoxy compound 68 was collected by preparative 
glpc (UCW-98). The pmr spectrum showed peaks at § (CDCl); 
D998 (9H, s)., 1.15 (QUES) Peele cOm(9Hrs) moet lH, ayd=10). 
Be2ou (lH deJ=10)eand 4620 (3H7s)n 


Adduct of 13 with maleic anhydride. (74) 
eh ae rn a ee ee ee ee 


N-Nitrosourethane 65 (4.5 g, 13.3 mmol) was treated 
with sodium methoxide (3.6 g, 66.7 mmol) in ether (300 m1) 
and methanol (3 ml), and was then worked-up as above. The 
crude mixture was irradiated in THF (35 ml) at -78° for 
2 hr. To this photolysate was added maleic anhydride (870 mg, 
8.9 mmol). Removal of volatile impurities, followed by 
chromatography Onesiliciceacids (100,G) using chloroform 
as the eluent gave a mixture (239emg) mon othe adduct and 
alcohol 67. The latter was removed by sublimation at 25- 
30°/0.05 mmHg, to give pure adduct 74, 175 mg (4%), which 
was recrystallized from hexane, mp 123.0-124.5°. 
pmr 6§ (CDC1,); OP ORO US) pt ee OHS) ) 160 (9H, Ss) Gale 
Seen ( SH, )i. 
cmr 6 (CDC1,); ile ee 2 ep 3.0.2.6 (CH), 32.8, ,33.2,33.59(tent—C)), 
Gee ul ai CC) Fe otal 4 a 8 (Olefinic=Cly li/2 5. lowe =O)- 
ir (CCL,); 1847 om 1(w), 1777 (s). 
elemental analysis; Calcd for C59 13903: C ions 455 EO ne DIA 

FOUNG 22C, 1 o Oem, O46. 


Alcohol 67 was obtained by sublimation, mp 43.0-44.0°. 
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pmr § (CDC1,); PIUOm (INP Ss) ele e (OHS peel a2 5 (OHNS),, 
MG OM@lHes eet O 2m (LH idrd=22), (2655u(1H 6d d=12),. 
ir (CCl,); 3610 cm? ,3550, 3400. 


mass spectrum; m/e 238 (mM). 


Tricyclo[6.2.0]deca-4,9-diene-2,7-dicarboxylic en yd ide i. op 
ee ee ee eT ny yen HONEA Wigs S01 e 


To a solution of anhydride 78 (5.0 g, 33 mmol) and 
cyclobutadieneiron tricarbonyl 3 (5.0 g, 26 mmol) in 
acetone (170 ml) was added ceric ammonium nitrate KS5mG)+ 
155 mmol) in portions over a 1 hr period at 0°. After 
additional stirring for 2 hr, ether (500 ml) was added to 
the reaction mixture, which was then filtered through a 
petite pad. The insoluble salts were washed three times 
with THF (100 ml in total). The filtrate was washed with 
53% NaHCO, (100 ml), brine (100 ml) and dried over Na,SO,. 
The solvent was removed and the resulting solid ( a mixture 
of the starting material and the adduct) was dissolved in 
methanol (100 ml) and refluxed for 30 min. Dichloromethane 
(400 ml) was added and the organic layer was washed with 
5% NaHCO, (50 ml) , and with brine (50 ml). Removal of 
the solvent gave a crystalline residue, which was sublimed 
underahigh;vacuum at) 70-75 °stosaffordathes pure Adcnee 19; 
NA scet(4G2\ampe SiO atSeu Oem (ethene 


pmr 6 (CDC1,); 2055) (4H) sD. 32a 2H 5 9Se (2H) 26.35 KH). 
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2, 7~Bis (hydroxymethyl) tricyclo[6.2.0]deca-4,9-diene. (80) 
are ee ee ea 


A solution of LAH in THF (0.7 M, 34 ml, 24 mmol) was 
Slowly added to anhydride 79 (2.4 g, 11.9mmol) dissolved 
in THF (20 ml) and the mixture was refiuxedsforevehnr. 
Decomposition of excess LAH by wet ether, filtration through 
Celite and removal of the solvent gave a crude product, which 
was recystallized from ether to afford the PULCRALTOIG 20g 
(88%), mp 132.5-134.5°. 
pmr § (CDC1,); PICOM(AH) 2267 12H). 32436 (2H, dyJ=12)0. 4.00 
Be eel, 1 15) eee 2 Sab 2H) 621 Qe (2) 
elemental analysis; Calcd for C..H 0: C7 A597 MHS. 39. 


dd WSS 
PoundsaG, 74.68; 9H; 8.23. 


12-Oxatetracyclo[4.4.3.0°'°] trideca-3, 8-diene. (81) 
eee er ee ee ee Oa eo ie 


EOmaesOlLuULTONSOLTd10.. SOM( 2. 04g 7 L0e Gaemmol) sin 
dry pyridine (30 ml) was added tosyl chloride (700 mg, 


es fa 


Sa mMmMod; equivalent) at 0°. Stirring was continued 

for 1.5 hr at 0°, then for 30 min at room temperature. 
Another 1/3 equivalent of tosylchloride was added and, the 
reaction mixture was stirred Similarly. The last ‘1/3 eéquiva- 
lent of tosyl chloride was added and the reaction mixture 
was kept at 0° overnight. Pentane (200 ml) and ether (50 

ml) were added to the mixture, which was then washed with 
water (50 ml),2% HCl (30 ml), and 53 NaHCO, (50 mi) 08 After 


dring over Na,SO,, the solution was concentrated, and mole- 


cular-distillation at 50°/0.1 mmHg afforded the diene, 1.41 g 


‘ ; , >) eee oi! 
aiid CYS... oS ne oa a 
: ao LL, % a 7 , - 


oy : i aS oa 
=e © pte toe & = rae aan Le 
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pmr 6 (CDC1,); ZN OCaT Ci 2 eo) ees ((2H)s 323 Hal 2H, J= 


ie SoM 2H pd, ad iad 27 (2H tee. 5.625 3(2H) . 


3, 4-Epoxy-12-oxatetracyclo[4.4.3.0°'>]tridec-8-ene. (82) 


A solution of diene 81 (205 mg, 1.17 mmol) and m- 
chloroperbenzoic acid (85%, 286 mg, 1.41 mmol) in dichlo- 
romethane (4 ml) was stirred at room temperature for 1 hr. 
The mixture was washed with 53 Na,SO, (Stmiyrie5:s NaHCO, $ 


tml); brines(5%m)) “and dried over Re eae Removal of 
the solvent and molecular distillation at 80°/0.3 mmHg 
afforded an oil, 145 mg (65%). 

pmr 6 (CDC1,); Sree (ai ,M) 20398) (2H ad pJ=3 p83 232), (2rd; 
abo ines «98m (2Hed,J=3) ,.4.27 9(2H,dpJ=10),"5295"(2H,m) : 


9-Hydroxy-12-oxatetracyclo[4.4.3.0°’>]trideca-3,7-diene. (83) 





Diene 81 (721 mg, 4.1 mmol) and methylene blue (30 mg) 
were dissolved in methanol (200 ml). The solution was 
irradiated with a high pressure mercury lamp (Pyrex filter), 
while oxygen was bubbled into the solution. Irradiation 
was continued until almost no starting material was detected 
by glpc (about 5 hr). Removal of the solvent gave an oily 
residue, which was dissolved in ether (40 ml). To this 
solution was added an ether solution of LAH (1 M, 10 ml, 

10 mmol) at 0°. After 10 min, wet ether (10 ml) was added 


and the insoluble salts were filtered. Removal of the 










7 t Bis 01d DO oth.% tk et 
‘ 4 J « a : 
oi ft oP Et PRP Pea, (edt SD 02,2 “Re 


— 
os 


i= hes » 


i cad x cite ~NXORE AD 
fies | 


TY G2 wntiesh ve otjeton ae 
"a 


“Vi Lo odesqon C wate 


b> 
~~ 
%, 


” 


® Ste 
out 3a Soba te Bew (fa eee 












S%) Jie tee naw ede 


f tae 2), ecled fie 


it 


i ‘“ ue 5 favigg: . 


lw wh 2a ote ep babes 


> 
; | 
) ei ¢ 
(= Ait AR) BES AE SSO 
‘ ? ’ i. 2h 
i pyneses ax 
, J pA b oye i ae, 
“HS Jae * LSyars : 


‘in Toye § ‘pint ool w bee 


ede oe a0 wand ddr sot get 
we bk bis ies. pre 









ih ik, toe oF 
a ae sled wit 





Py eee 


82 


solvent gave an oil, which was distilled to afford the 

a,B8-unsaturated alcohol, 465 mg (60%), bp 67°/0.03 mmHg. 
pmr § (CDC1,); Poimem2 (2;M),92.920(2H,m) 9 3.42 (2H, ba. 
J=10), 3.94 (1H,d,J=10), 3.97 (1H,d,J=10), 5.87 (2H,m), 


G.25 (2H. m)s 


12-Oxatetracyclo[4.4.3.0°!>] trideca-3, 7-dien-9-one. (84) 
re ee ee ee See eee 


Alcohol 83 (201 mg, 1.06 mmol) and manganese dioxide 
(1.9 g, 22 mmol) were stirred in dichloromethane (20 m1) 
at room temperature for 3 hr. Filtration through Celite 
and removal of the solvent were followed by molecular 
distillation to yield ketone re ASS, tte (CASE) 
pmr § (CDC1,); 2 eect) ee OO (2H, Mm) oe 4 LH edd =9) 5 
eo el, 7 J=9)), 64.07 (1H,d;J—-9), 4.12 (1H'd,J=9), 6.12 (JH, 
a7i—1.0);,--6.82.(LH7d,J=10).,..6.37% (2H,m)-.. | 
Pemchcl.); 1672) cml» (s)- 


12-Oxatetracyclo[4.4.3.0°'”] trideca-3,7,9-tiene. (77) 
ee ee ee en ee ee he ee 


A solution of ketone 84 (82 mg, 0.44 mmol) and tosyl 
hydrazine (82 mg, 0.44 mmol) in methanol (0.4 ml) was kept 
at room temperature for 2 hr. The solvent was removed and 
toluene (2 ml) was added and then evaporated to dryness. 

To the slurry of the residue in dry benzene (4 ml) was 
added at 0° an ether solution of methyllithium (1.6 M,1.1 ml, 
1.8 mmol). Stirring was continued for 1 hr at room tempera- 


ture. Wet ether was then added to the reaction mixture, 
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which was then washed with water, and dried over Na,SO,. 
Removal of the solvent gave an oil (72 mg), which contained 
the desired triene 77 in about 50% purity. Preparative 
glpc (UCW-98, 105°) afforded pure triene. 

pmr 6 (CDC1,); 3.23 (27m) a4 ORO, anI=10) AL09° (2H? 
Q74=10)15276)(4H,m) 206.27) (2H;m). 

ir (neat); 3020 cm +(m), 2950 (m), 2840 (m), 1580 (w), 

Pet oes Fae LOUAS(m) a 1033 (m),;)° 917 (m), 783 (m), 723 (s), 
708 (m). 

mass spectrum; m/e 172 (M’, 7%), 171 (5), 143 (9), 142 (32), 
moet 28 (14) eli 9) (100), 115 (24) 7.919 (42). 

Calcd for Cj) 2H) 50: m/e=172.0888 


Found: m/e=172.0886. 


8, 9-Dibromo-3, 4-epoxy-12-oxatetracyclo[4.4.3.07'-]tri- 
eee ae ee eee ee oe ee ee OLA yee Ve OD 


decane. (86) 

To a solution of epoxide 82 (145 mg, 0.76 mmol) in 
dichloromethane (5 ml) at 0° was added bromine (135 mg, 
0.84 mmol) in dichloromethane (2 ml). After stirring at 
0° for 10 min, the reaction mixture was warmed to room 
temperature. The solvent was removed to afford the white 
erystalline dibromide, 257 mg (97%). This crude product 


was used in the next step. 


3, 4-Epoxy-12-oxatetracyclo[4.4.3.07!°]trideca-7,9-diene. (87) 
eee ee OO ee ete nee en ee ee A 


To a solution of the dibromide (257 mg, 0.734 mmol) 
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in DMSO (3 ml) was added potassium tent=butoxides.(260 mg, 
2.3 mmol). The reaction was stirred at room temperature 
coe 40 min, and then poured into ice-water, extracted twice 
with pentane (100 ml in total). The pentane layers were 
combined and pened twice with water and once with brine. 
After dring over Na,SO,, the solvent was removed to afford 
white crystals, 113 mg (82%), which were sublimed at 657, 
0.25 mmHg, mp 58-68°. 

pmr 6 (CDC1,); AT sv AGARCL GUESS A Say (2H,d,J=10), 5) aie) 


(2H,0,0=3), 4.459 (2H,d,J=10), 5.73  (4H,m) . 


Deoxygenation of 87. 


To a suspension of tungsten chloride” (624emq,41. 57 
mmol) in THF (13.5 ml), maintained at -78°, was added ne 
butyllithium (hexane solution, 1.6 My LacSermls 30 lemmol). 
The mixture was allowed to warm to room temperature over 
a period of 20-30 min. During this period the tungsten 
chloride completely dissolved and the solution became 
green-brown. 

To this solution was added epoxide Silat Vim Gree Oies6 2.3 
mmol) in THF (3.9 ml). The reaction mixture changed to 
*) Dark-blue crystals obtained by sublimation of the commer- 
cial product (Pressure Chemical Co.) in vacuo were col- 
lected and used in this reaction. The crystals were 


stored in a desiccater. 
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dark-brown. After stirring at room temperature for 2 hr, 

the mixture was poured into 20% NaOH and extracted with 
pentane (2x20 ml). After removal of the solvent, the residue 
was distilled to give triene 1a TEE Bie ACU) 


12-Oxapentacyclo[4.4.3.0°'°.07'19) trideca-3, 8-diene. (89) 


—Kee eee ee ee 


To a solution of diisopropylamine (121 mg, 1.2 mmol) 
in THF (2 ml) cooled with dry-ice/acetone bath, was added 
dropwise n-butyllithium (hexane solution, 1.45 M0. oem, 
1.2 mmol). The solution was warmed to room temperature and 
Stirred for 10 min, and then cooled in a dry-ice/acetone 
Paene D101 588 (95mg, 0.5 mmol) in HMPA (1° ml) was added 
dropwise. The mixture was stirred for 15 min at room tem- 
perature. The mixture was cooled to 0°, and to this was 
edaedaa 0-25 ml portion of a solution of tosyl chloride 
(142 mg, 0.74 mmol) in THF (3 ml). After stirring at room 
Penne ature for 15 min, this procedure was repeated, until 
all the tosyl chloride solution was added. The mixture 
was then poured into ice, extracted with ether and dried 


over MgSO Removal of the solvent, followed by chroma- 


4° 
tography on silica gel, using dichloromethane as the eluent, 
afforded cololess crystals. Recrystallization from pentane 


at dry-ice temperature gave needles, mp 66.0-67.0°, in 


50-55% yield. 
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Detection of [4]annulene IL aay El FER en eile 
ee nk hh! Sie MORAN 


A solution of triene 77 in tetrahydrofuran-d, was 


8 
placed in an nmr tube, degassed and sealed. At -90°, 
This solution was irradiated with a low pressure mercury 
lamp for 20 min. The pmr spectrum showed no starting 
material and new peaks appeared corresponding to phthalan 
( 6 4.96, 7.16) and the [4]annulene syn-dimer (Fomo 05" 
5.94). Also photolysis products {irradiated in isopentane/ 
2-methyltetrahydrofuran (2.8/0.5, v/v) in liquid nitrogen 
bath} were shown by glcp (UCW-98, 130°) to be a mixture 
of these two compounds. 

[4]Annulene 1 in a matrix was detected by uv spectro- 
scopy in the following experiment. In a quartz uv cell 


was placed a 3.1 x 1072 


M solution of the triene in 2- 
methyltetrahydrofuran under an argon atmosphare. The 
cell was placed in a quartz Dewar bottle, which had 
quartz windows through which the spectrum could be measured. 
The cell was cooled below -170° by cold nitrogen gas, 

which was pre-cooled in liquid nitrogen bath. During the 
whole experiment the cell was kept at about -175°. Irradi- 
ation with a low pressure mercury lamp was continued for 
1-2 hours, and the uv spectrum was recorded. A background 
Spectrum was taken after thawing the matrix for a short 
time and re-cooling to the same temperature as before. The 
difference in the two spectra was taken as the spectrum of 
[4J]annulene 1, which had an absorption at ee 300 nm (e 


ax 
100), (Figure VI.). 
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PART II. TETRAHEDRANE. 
CHAPTER I. INTRODUCTION. 


Tetrahedrane 101, the second possible isomer of the 
(CH) , species, has long been held in the mind of organic 
chemists as the most strained polycyclic small-ring system. 
Moreover, it represents the simplest of the five possible 
regular polyhedra. The strain energy of this system is 


34,75 


calculated to be about 130 kcal/mol, And ete, this 


energy is as great as that predicted, tetrahedrane 101 





*) Of these five possible polyhedra, only three can be 
constructed using the carbon skeleton; tetrahedron (tetra- 


hedrane), hexahedron (cubane), and dodecahedron (dodecahe- 


drane). Cubane was first synthesized by Eaton’? 


VCS 


in 1964. 


Two independent syntheses of cubane soon followed. 


Attempted synthesis’ 


of dodecahedrane by photo-dimeri- 
zation of triquinacene appears to have met with no’ success 


thus: tar. 
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is very unlikely to exist as a stable species except at 
very low temperatures. It may undergo spontaneous dis- 
ruption via the diradical into two molecules of acetylene 
or possibly into [4Jannulene with extreme ease. A number 


of theoretical Prearmente: a0: 


have been reported on this 
interesting system. The most recent one, ne which used 

an ab initio SCF method, predicted some physical properties 
of tetrahedrane. Interestingly, calculations show that 
this species is a local minimum point on the C,H, poten- 
tial energy surface. A barrier of at least 18 kcal/mol 

has been calculated for homolytic cleavage of the single 
bond. This barrier seems to be high enough to allow at 
least the spectroscopic detection of this species. 


EM support the inter- 


Some experimental results 
mediacy of tetrahedrane, although the evidence is gleaned 
from the labeling pattern Of acetylenes obtained as clea- 
vage products. Photolysis of a mixture of cyclopropene 
102 and carbon suboxide 103 produced acetylene (24%) 


together with vinyl acetylene gery ik The appreciable 
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yield of acetylene suggested the presence of tetrahedrane 
as an intermediate. Photolysis of carbon suboxide produces 
ketocarbene which reacts with cyclopropene to give an 
adduct leading to a bicyclic carbene 104 intermediate. 

This carbene movtertner rearrange to give vinyl acetylene 
or undergo intramolecular carbon-hydrogen insertion to 

give tetrahedrane 101. In order to determine if the ace- 
tylene could arise from the decomposition of a tetrahedrane 
intermediate, isotope labeling experiments were carried out. 
Photolysis of cyclopropene-3, 3-d., (Sie lee 2 22D) with C30, 
produced acetylenes, which were analyzed by mass spectro- 
2H5, C.HD, and C5D, were 
Beret 22 56463". Oo Lal So, Arie 2 Geen eA a respectively. The 


scopy. The relative yields of C 


corresponding calculated yields, based on the decomposion 
of a symmetrical tetrahedrane, are 250 eRe rand le. 6s > 
respectively. It thus seems that tetrahedrane is an inter- 
mediate of this reaction. Further support was obtained 
by #* double-labeling experiment using cyclopropene-3,3-d, 
and carbon 3a Yeemunepsiala. 

Similarly, the dilithium salt of ditosylhydrazone 105, 
when pyrolyzed, produced acetylene (20-303 yield) as the 


sole volatile product. ?> Deuterium labeling experiments 


Y Y 
N NLiTs HC=CH 
i —_j> DC=CH 
TsLiN DC=CD 
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indicated that 37-47% of the acetylene was produced via 
tetrahedrane or its diradical equivalent. 

To date, no experimantal result has been reported 
which indicates that tetrahedrane is an isolable species. 
In the following section, several attempts toward the 


synthesis of tetrahedrane derivatives are presented. 





a. 414 2 
aude ww 









CHAPTER II. RESULTS AND DISCUSSION. 


A. Attempted synthesis from a bicyclic cyclopropenone. 





Cyclopropenones are known to decarbonylate either 
by photolysis or by pyrolysis. For instance, dij teut= 
butylcyclopropenone 106 produces di-tert-butylacetylene 
quantitatively when irradiated at 2537 A or when pyrolyzed 


at ety Pyrolysis of cycloheptenocyclopropenone 


107 at 250° produced carbon monoxide and triscyclohepteno- 
benzene nee which presumably arose via an intermediate 


cycloheptyne 109. 


109 


An attempted synthesis’? of the buteno derivative 100 of 


cyclopropenone met with no success. Also, 7,7-dimethyl- 
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bicyclo[4.1.0]hept-1(6)-ene taal is stable only below 
o20e ue Wes thoughtethat: the high reactivity of the cyclo- 


propenone moiety in 110 was responsible for the earlier 


110 ie 


failure at isolation. Introduction of four methyl groups 
at the a-position should suppress the Beactivityeot this 
bicyclic molecule. We anticipated that tetramethylbuteno- 
cyclopropenone 112 would be much less reactive than 110; 
allowing its isolation, and furthermore that tetramethyl- 
cyclohexyne 113, if produced from 112 by photolysis, would 
form a tetrahedrane derivative 114, rather than its benzene 


counterpart due to the steric hindrance expected in the latter. 


er2 PLS 114 


Applequist et al. tried to generate tetramethylcyclo- 


hexyne 113 from dibromide 115 and from bishydrazone Gees 


When the dibromide was treated with sodium at room tempe- 
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rature, two dimeric hydrocarbons 117 and 118 were obtained 
in 90% total yield. Oxidation of bishydrazone 116 with 


Silver oxide also gave these products in low yields. 


: — Hi 
A15 yf ig 
aaa 118 
NNHTs 
NNHTs 
1 ¥6 
119 


Formation of dimeric products Sec eated the intermediacy 
of cyclobutadiene derivative 119. The latter product 118, 
the authors explained, was formed by a [2 +2 +2 Jcycloaddition 
reaction of-119* 

As described above, our anticipation was that, although 
cyclohexyne 120 generated from dibromide 121 was known 
to produce the trimer ore tetramethyl cyclohexyne 113 


would not di- or trimerize in a similar manner, due to 


the steric repulsion of the methyl groups. Also, the advan- 
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tage of our approach over the earlier one is that the 
decarbonylation reaction can be performed at low temperature, 
even in a matrix, without the need for any work-up pro- 
cedures. | 

Thus, our first approach involved the synthesis of 


83 in order to 


tetramethylcyclohexenocyclopropenone 112, 
examine its photochemical behavior. 

We attacked this seemingly reactive cyclopropenone 
derivative starting from the known 3,3,6,6-tetramethyl- 
cycloheptanone 12aede Treatment with two equivalents of 
bromine provided dibromide 124. The simplicity of its 
pmr spectrum indicated that the product was a single 


isomer, but no further work was conducted to rigorously 


establish the stereochemistry. 
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112 
= 
128 
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When dibromide 124 was reacted with potassium Pence 
butoxide, followed by an acidic work-up, carboxylic acid 
125 was obtained in 48% yield. The formation of acid AS) 
rather than the tert-butyl ester, indicated that the desired 
cyclopropenone 2 was actually formed, but 112 reacted 
with water under the acidic conditions to Victodwaci daslZo. 
Dibromide 124 was then treated with potassium tert-—butoxide 
and the reaction mixture was quenched with aqueous mono- 
basic sodium phosphate. Usual work-up followed by subli- 
mation at room temperature afforded the desired cyclopro- 
penone 112 in 41% yield. As later found, this cyclopro- 
penone derivative is very sensitive to both acid and base. 
Consequently, careful handling was necessary to obtain 
i112 as pure white crystals, mp 89.0-89.5°. Spectroscopic 
properties as well as elemental analysis support the 
proposed structure, and are summarized in Table II, together 
with data for related compounds of iel2 SLOre Comparison. 

me itespectrum of 112 exhibits strong absorptions at 
wso27 L790,e and 1617 cm*, All cyclopropenones show 
characteristic absorptions at 1800-1870 and 1600-1660 com7~, 89199 
Although these two modes of vibrations are undoubtedly 
tightly coupled, the higher frequency band may safely be 
ascribed mainly to carbonyl stretching and the other band 


to C=C stretching. 7° 


The large shifts for both absorptions 
in compound 112 indicate that the cyclopropenone system is 


perturbed by the fused six-membered ring to a much greater 
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(cree CCl,) 
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1864 eo 
1848 1657°8 
1866 

1820 1640772 
1855 

1840 164088789 
1790 1617% 
1852 


Ultraviolet 
(nm, €; 


(hexane) 


Ne wea 
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Aen (ey 


20 36) 
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CyClo—) 


96 


cmr 

(5; CDC1,) 

Guieete=oas 
155.1 158.3% 
159.5 164.8% 
154.6 164.2% 
146.7 169.0% 


*) present work 





Table II: Spectral properties of cyclopropenone derivatives. 
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extent than in the compound with a seven-membered ring. 

The uv spectrum of 112 has an absorption at 263 nm 
(c 95) and the hypsochromic shift of the n-1* absorption 
is clearly observable when compared with other less con- 
strained compounds. 

In the cmr spectra, the C=O absorption shifts upfield 
(with allowance of substituents effects) as the fused ring 
size becomes smaller, while the olefinic carbons show the 
reverse trend. These trends are interpreted as an indi- 
cation of change in the electronic structure of the system; 
cyclopropenones are represented as a mixture of resonance 
structures A-D, and the contribution of each structure 
varies with the nature of the fused ring. Thus, in 112, 

C and D become more important than they are in the parent 
compound. As a result, the double bond becomes more exo- 
cyclic in nature with respect to the fused ring system, 
thus relieving strain in the system as much as possible. 
Furtheremore, C-2 and C-3 in 112 now carry a slightly more 
positive charge than in other compounds. The above inter- 
pretation is only tentative and is obviously a subject for 


further study. 
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As already described, cyclopropenone 112 is very 
sensitive to acid, whereas other known cyclopropenones 
are stable in acidic media; cycloheptenocyclopropenone 107 


was actually purified by extracting it with 75% H,SO ol 


4 
In contrast, compound 112 decomposed completely upon brief 
treatment with 0.1 N H,SO, at room temperature giving a 


quantitative yield of acid 125. This acid was expected to 


2 


126 
be produced under basic conditions in a manner analogous to 
those acids produced from other known cyclopropenones. 7° 
However, compound 112 ring-opened with 0.05 N NaOH at 
room temperature, and a diketone 126 was formed as the 
malor product in addition to acid 125. The structure awe 
126 was assigned from its spectroscopic properites. The 
pmr spectrum showed two singlets for the methyl groups, a 
multiplet for the CH, CH, unit, and a singlet for the 
isolated CH, group. A sharp singlet at 6 2.25 indicated 
the presence of a methylene unit at a postion a to a ketone 
function. No absorption was observed in the low-field 


region, thus excluding structure 127.. The mass spectrum 
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showed a molecular ion peak (m/e 183, 14%), and fragmen- 
tation peaks at 154 (M’-co, 3%), 139 (M’-CO-CH,, 5%), 110 
(100%), and 83 (56%). The hydroxide anion can attack two 
different sites of the cyclopropenone system; attack on the 
carbonyl carbon produces the acid 125 (route a), while attack 
on the double bond first produces hydrate 128, which ring- 


opens to form the diketone 126 (route b). Although many 


Go H 
a 4) Sees 
pe a ——<> —> 125 
9 
b LOH 
np 
U2 i ———- 12 6 
128 
examples are known? in which a nucleophile attacks the 


double bond of cyclopropenone derivatives, the formation of 
a diketone has only one precedent ema When pentylcyclopro- 
penone 129 was treated with excess hydroxylamine, a glyoxime 
130 was Forres. c presumably through the mechanism depicted 
below. bomineata addition followed by ring-opening produces 
a monoxime of the a-diketone, which in turn produces the 
product. The difference in reactivity of 112 from other 
known cyclopropenone derivatives is a reflection of the 


extra ring-strain in the system and may be in line with the 
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above interpretation of the cmr spectrum. 

imetheshope that photolysis of 12 would cause’ de- 
carbonylation to generate tetramethylcyclohexyne 113 as 
a reactive intermediate, an irradiation experiment was 
Caeeredsout., senocolvcis sof liz at (07) produced a dimeric 
compound 131 as the sole product. Spectroscopic data are 
fully consistent with this structure... The ir spectrum 
has a strong carbonyl absorption at 1720 cm +, and the 
pmr spectrum shows four singlets for the methyl groups 
and also two singlets for the methylenes. The mass spec- 
trum shows a parent peak (m/e 328) and strong fragments 


at m/e 313 (M"-CH,) and 285 (M*-CH -CO). The structure of 


3 
this dimer is related to those proposed for the dimers 


iia of diphenyl- and me thy lcyclopropenone. °° 


R= ae Ph 
ee 

Rj ce 

R= H 


The formation of compound 131 probably proceeds in 


the following manner. Irradiation causes the formation 


of a diradical 133 which in other cases easily loses carbon 
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monoxide to lead to the corresponding acetylenic product. 
In this case, however, the strain expected in the cyclo- 
hexyne system may disfavor the loss of CO and consequently 
the life-time of this intermediate is long enough to allow 


the formation of 131. 


ee. oe 


li Be? 3s 


TiemeaceetlacatnenirradiatlionsoLs bl 2eingal matrix) of 
2-methyltetrahydrofuran at -198° produced the same dimer 
astonished us. A tentative explanation is that due to the 
high polarity of the cyclopropenone moiety, the molecule 
exists in a paired form even in a matrix. Consequently, 
in every solvent cage there is more than one guest molecule, 
which can react with the diradical 133 to form the dimer 131. 

Initially, this approach was startéd with the expec- 
tations not only that cyclopropenone 112 would form a 
tetrahedrane derivative photochemically, but also that 112 
would provide another tetrahedrane presursor, for instance, 


diazoester 134, which would be synthesized Erom 112 in a 


Similar manner to the preparation of 46. The presence of 
—_—_—_—>_ 
_—_ OR 
N, 


112 134 
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a fused six-membered ring in 134 would activate the C=C 
bond, si neorder, CO release thervextra Strain involved in the 
bicyclic system. Thus, we anticipated that photolysis of 
134 would yield a tetrahedrane derivative, instead of a 
ayennatene derivative. 

inetheshopes of obtaining 135, a sprecursorn of 91347, 
112 was treated with issue TAL ey however, no desired 
product was obtained as a precipitate. The failure of 
this reaction may be due to the high reactivity of the 
intermediate cyclopropenyl alcohol or its lithium salt. 


Thus, we abandoned this approach. 
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B. Attempted synthesis from homotetrahedrane derivatives. 


Homotetrahedrane (ertevetol2s1e 0504" 2] pentane) 
derivatives appear to be a good precursor for the synthesis 
of tetrahedrane in that part of the ring system of tetra- 
hedrane has already been constructed. When dimethylhomo- 
tetrahedranone 136 was photolyzed in the gas phase, small 
94 


amounts of acetylene, propyne, and butyne were formed, 


indicating the existence of a tetrahedrane intermediate. 


H—- = —-H 
—_———b- — H,C- = 
H3C- ==—-CH, 


136 


When diphenylhomotetrahedranone 137 was treated with 


sodium methoxide, bicyclobutane derivative 138 was formed.” 


©0 Me Me 
an, 
NaOMe y, . 
Ph Ph Ph m " 
137 ee) 


This result suggests that a homotetrahedranone, which 


possesses a good leaving group at the a-position to the 
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carbonyl, might produce a tetrahedrane derivative upon 


treatment with base, as schematically indicated below. 
8 
O 
X e X 
ae a 


From these expectations, tri-tert-butylhomotetra- 
hedranones and related compounds were synthesized and 
their chemical reactivities examined. 

We expected that methyl ketone 139 would be a good 
synthetic intermediate, which could then be diazotized 
and cyclized to the homotetrahedranone system. Schema- 
tically, reaction of a tri-tert-butylcyclopropenium salt 


with an acyl anion produces the desired ketone 139. 


REG a poe 
a3 


CH, 


139 


When tri-tert-butylcyclopropenium fluoroborate 49 
was reacted with the lithium salt of dithiane, the expected 
product 140 was formed. Unfortunately, however, hydrolysis 


of this product using any known methods, °° even under 
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neutral conditions (methyl iodide and sodium carbonate) ?° 


produced only the rearranged ketone 141. This observation 


fie C) 2X 
. 1 


141 
is explained by the fact that the carbonium ion intermediate 
142, inevitably produced in this hydrolytic process, will 
rearrange to the thermodynamically more stable isomer 143 
eoneaining a tert-butyl group in the side chain. This 
result indicated that the step to regenerate the ketone 
must not involve an intermediate which may develop a posi- 


tive charge on the carbon a to the cyclopropenyl system. 
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Stork's method?’ utilizes a protected cyanohydrin 


as the source of an acyl anion. The advantage of this 
method is that the carbonyl group is regenerated from its 
protected form under basic conditions. The sequence is 
depicted below. After the reaction to form a new C-C bond 
is carried out, the cyanohydrin ketal 144 is converted 
under acidic conditions to the corresponding cyanohydrin 
145, which in turn is treated with base to produce ketone 


146. 


Thus, the anion of acetaldehyde cyanohydrin ketal 
aArae was reacted with fluoroborate 49 to give 148, which 
was hydrolyzed in acidic conditions to cyanohydrin 149. 


Finally, base treatment afforded the desired ketone 139 


inv8ltjoverall yield from thegiluoroborate= 49°.) No rear 
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ranged ketone was produced. Hydrolysis of 149 under basic 
conditions would proceed by deprotonation of the hydroxy 
group, followed by the removal of the nitrile moiety. 
No positive charge developed on the carbon a to the cyclo- 
propenyl system, and therefore no skeletal rearrangement 
occured. 

Since the introduction of an a-formyl group was 


unsuccessful, direct Ahosetioater’” 


Ofelso wase tried 
using such bases as sodium methoxide and potassium tert- 
butoxide. The results had not been encouraging until we 
used a stronger base, n-butyllithium. Diazoketone 150 was 
obtained in 89% yield by the treatment of the anion of 
139swith*tosylvazide. Thelspectroscopic data of this 


product strongly support the structure. The ir spectrum 
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shows a diazo stretching at 2120 emit and a band at 1615 cm 
due to the carbonyl stretching. The low frequency shift 


lam MGC Gano. 


Enel SIeto G15 cm™+ iim LoOmisacharacten stic 
for a-diazotization. The pmr spectrum has two peaks for 
the tert-butyl groups and a singlet for the methine. 
Photolysis of diazoketone 150° produced a ketone 151 
in 31% yield. The high ir frequency, W765 sama, for the 
carbonyl stretching indicates the Aoranerdian Of this str 
cyclic system. Also, a large PS ClH coupling constant was 
observed for the methine moiety. In diphenyl compound 
100 


ia, the ir spectrum shows v._, at 1785 em? and a 


g(13c-H) of 190 Hz. 


7137 


This ketone 151 is quite stable compared with 137. 
After either treatment with base (sodium methoxide in 
methanol, refluxing for 1 hr) or with acid (0.2 N HCl, 
room temperautre for 24 hr), ketone 151 was recovered 
unchanged. Also, ketone 151 was found to survive photolysis 
Thermally.” 151 isomerized, slowly at 95° Atoga- single 
compound which was believed to be ketene 152, on the basis 
of its spectral behavior; ir (2110 cm™+) and pmr { 6 0.94 


(9H), 1.24 (18H),2.87 (1H)} spectra. A plausible mechanism 


Ht 
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is shown below. The isomeric ketene 153 is initially 
formed and rearranges to the isomeric tricyclic ketone 154, 


which further isomerizes to the more stable isomer 152. 


e- Lyx He x 


P23 


b52 


With the above encouraging results, we proceeded to 
prepare the next target molecule, tricyclic ketone 155, 
which contains a good leaving group at the position a to 
the carbonyl. It was hoped that the bromoketone 155, if 
obtained, would undergo a Favorskii-type reaction to yield 
a tetrahedrane derivative. Diazoketone 150 was treated 
with methylmercuric ethoxide to give the corresponding 


mercuridiazoketone, ~?+ which was directly reacted with 


J 
e | Br 
150 156 


155 
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Bromine ss Produced bromodiazoketone 156 was found to 


lose nitrogen spontaneously at 40° (cf. ethyl bromodiazo- 

Boaercs is stable for several days at 0-5°) , 192 and the 

desired bromoketone 155 was isolated in 52% overall yield 

from the diazoketone E50 eethesirch7 30 em +) and pmr 

(6 1.36, 1.23) spectra are consistent with the structure. 
Thermolysis of 155 at 60° produced an equilibrated 

mixture of 155 and probably ketene 157 (ca.2:1), as judged 


from the ir spectrum, which showed an absorption at 2120 ao 


for 157 , in addition to an absorption at 1780 om + for 


EO. 


c=o 


Br 


ipa: Ay 


Treatment of 155 with sodium methoxide in perdeutero- 
methanol gave a single product, presumably ester 158. The 
pmr spectrum showed three tert-butyl peaks of equal inten- 

it 


sity and the ir spectrum had an absorption at 1710 cm. 


It is not clear whether 158 was formed from ketene 157. 
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Bromoketone 155 was also found to be stable toward photo- 
lysis. The anticipated reaction to produce a tetrahedrane 
derivative was not observed. 

Bromoketone 155 was successfully transformed into the 
corresponding bromohydrin 159 by reduction with lithium 
aluminium hydride. Although methyllithium did not give 
a clean product, lithium aluminium hydride reacted smoothly 
to form 159, which was isolated in 54% yield. Although 
159 was stable under basic conditions, a purified sample 
Oreo Je isomers zedetouketone 15) with the, liberation of 


HBr, which presumably catalyzed the isomerization. An 


H 
Br r H 
159 IRS 


analogous rearrangement reaction is known for a tricyclo- 


Sep een leric. clo mien > ele 


pentane derivative. 
pent-3-yl benzoate 160 undergoes a very fast skeletal rear- 


rangement via an ion pair to afford a new isomer 161.. 
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When bromohydrin 159 was treated with sodium hydride, 
only a complex mixture was formed and none of the products 


of this reaction could be identified. 
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C. Other attempts. 


Another promising precursor of tetrahedrane is 
diazabenzvalene 162, which upon irradiation may form tetra- 
hedrane via a diradical, in a manner analogous to the for- 
Mation of prismane 163 from ieee Pettit reported that 


the reaction between 1,3-di-tert-butyl[4]annulene 2D Agene= 


rated in situ) and tetracyanoethylene (TCNE) afforded not 


om. 


162 164 ae 
N N 
NC N 
+ TCNE ———> 
55 
a 56 


bicyclic adduct but instead tricyclic one aa We antici- 
pated that other highly substituted [4]annulenes may react 
in a similar manner with dienophiles to form the diazabenz- 
valene system. We carried out the reaction of 11 with N- 
phenyltriazolinedione and with diethyl azodicarboxylate. 


In each case, a single adduct was isolated. The pmr spec- 


t 0,CH, 
~N 

shah 3 | N-Ph —» Sas 

165 


O 
N-CO,Et 0,CH, 
1l + Il —> a COD Et 
ee TO,Et 
166 


LL3 
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tra of the adducts indicated the presence of three tert- 
butyl groups. The pmr spectrum of the tricyclic species 
should exhibit only two tert-butyl absorptions. Therefore, 
the product cannot have a benzvalene structure, but may 
be formulated as 165 and 166. 

Photo-a-pyrone 100 is known to isomerize to the cor- 
responding tricyclic lactone 167 upon standing in aprotic 


705 Also a similar isomeri- 


solvents at room temperature. 
zation reaction of 168 to bicyclobutane derivative 169 
was shear when 168 was treated with silver fluoro- 


borate at 20°. 


de ge 


167 


iw, 
| d 


In the hope of obtaining a diazabenzvalene derivative 
by a similar rearrangement, diethyl 2,3-diazabicyclo[2.2.0]- 
hex-5-ene-2, 3-dicarboxylate i Omens was treated with silver 


perchlorate. The pmr spectrum of the crude product 
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exhibited new peaks at65.50 (m) and 6.35 (mm) ink 
addition to absorptions due to the starting material. 
This result clearly shows that the rearranged compound is 
not the one we are after, but rather dihydropyridazinedi- 


carboxylate 171. 


Big ey 
—— 
N —CO,Et . —CO,Et 
170 171 


Isomerization of cyclobutadiene to tetrahedrane is a 
photochemically allowed process. Photolysis of il was 
attempted, again in the hope of obtaining the corresponding 
tetrahedrane derivative. No observable photochemical 


reaction took place, either in solution or in a matrix. 


Neopentyl tri-tert-butyl[4]Jannulenyl ketone 172 was 
also prepared by the photolysis of the corresponding diazo- 
ketone 173, which was obtained in a similar manner to 
diazoester 46. Photolysis of diazoketone 173 with a high 


pressure mercury lamp through a Pyrex filter cleanly produced 
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the [4]annulene derivative 172, which in turn was irradi- 
ated either with a low pressure mercury lamp or with a 

high pressure mercury lamp through a Vycor filter. However, 
no pmr (at room temperature) and ir (at -140°) spectral 


changes were observed. 


2 
49 + 20% Sa ———— 
No 
N) 


173 172 


os ee 


As mentioned in Part I, cyclopropenyl diazo compounds 
may have produced tetrahedrane derivatives, which subsequently 
rearranged to the corresponding [4]Jannulenes. In order 
to gain further information about this possibility, several 
other cyclopropenyl diazoacetates were prepared in order 
to examine the effect of the substituents on the reaction 
course of the cyclopropenyl carbene. 

Methyl trimethylcyclopropenyldiazoacetate 174 was 
prepared in an analogous fashion to 46. Diazoester ie 
rearranges to the corresponding pyridazine derivative ARM ha) 


at room temperature. This facile rearrangement supports 
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our initial expectation that the three tert-butyl groups 
contributed toward the stability of 46. Consequently, all 
further reactions were carried out well below room tempe- 
rature. When a matrix containing 174 was irradiated at 
-198°, the matrix turned dark brown. The color disappeared 
instantly when the sample was melted. An esr spectrum of 
this brown matrix did not show any signal attributable to 
a triplet species. This indicates that the colored inter- 
mediate is probably a singlet species. The photolysis 
products were 2-butyne, methyl 2-butyrate, and dimers of 
the corresponding [4]annulene derivative, in ca. 1:2:2 
ratio, respectively, as judged from the glpc-mass spectrum 


analysis. 


1+ g + (| 
SOC H + || + | . 


5 docu, be 


The photolysis of 174 was carried out either in the 
presence of cyclopentene or butadiene and the products in 
both cases were identical with those obtained in the absence 
of these trapping reagents. No adduct with the solvent was 
detected. These experimental results show that an interme- 
diate, perhaps a carbene, has a long life-time in the matrix, 
but cannot be trapped by an external reagent. Instead, the 


intermediate either isomerizes to a [4]Jannulene derivative or 
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collapses into two acetylenic molecules. From this expe- 
riment, it is not clear if the carbene isomerized to two 
acetylenes via a tetrahedrane intermediate. 

Methyl diphenylcyclopropenyldiazoacetate 176 was pre- 
pared similarly and was irradiated. Diphenylacetylene was 
formed but no phenylacetylene was detected in the product 
mixture by glpc analysis. A similar result naa obtained 
using methyl dipropylcyclopropenyldiazoacetate 177. These 
results would indicate that the acetylenes are formed directly 
from the carbene intermediate, and not through a tetrahedrane, 


although the latter possibility is not absolutely excluded. 


R 
R—==—R 
= CO.CH. 
N2 
Lildee Aaa 
Dipak Be 


The easily accessible azide 45>° was also irradiated. 
The obvious aim is to prepare either the aza[4]annulene* or 


azatetrahedrane derivative. Trimethylcyclopropenyl azide 


*) A successful preparation of aza[4Jannulene derivative 


178 has been reported. 18 
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43 is reported to yield only butyne and acetonitrile upon 


photolysis. °° Teradiation of 445 at -110° resulted in the 


DY | a —fecec— ta len 

45 
x, SSC = + Me—cNn 
43 : 


evolution of nitrogen. The pmr spectrum at -50° and glpc 
analysis, however, showed that the products were only di- 
mewe-butylacetylene: and pivalonitrile.| Irradiation in a 
matrix at -198° produced the identical products. 

PEL Oswemeima ma PO LOACicdmsutetrancdrane Ina dirt ferent 
ee They tried to prepare a bicyclobutane derivative 
179, which was substituted with halogens in the methylene 
position. They expected that a carbene derived from BIRD 


would insert into the C-H bond to form tetrahedrane. 


Reaction of dichlorocarbene with trimethylcyclopropene, 
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however, produced cyclobutene derivative 180, which was 
believed to be derived from 179. The latter compound could 
not be detected even at -73°. 
Wemattemptedgagcimilargreaction using triictert-butyl— 
cyclopropene Tien rae When 181 was treated with dichloro- 
carbene, generated from chloroform and n-butyllithium, a 
mixture of starting material and known dichloride Pi, oe 
which was formed by the carbene insertion into the C-H 
bond on the ring, was obtained. The two tert-butyl groups 


attached to the double bond thus appear to retard the attack 


of the reagent on the double bond. 
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Dew concluszons= 


Tetrahedrane, the isomer of [4]annulene, has been the 
target molecule of several synthetic approaches. Unfortu- 
nately, there has been obtained no indication that this 
reactive species is formed, even as an intermediate. In 
the course of this study, however, a strained bicyclic 
cyclopropenone 112 and several tii lent butyttEicyclo— 


21>) pentane derivatives have been successfully pre- 


bas. 0.0 
pared, and their properties have revealed intriguing 
features of these systems. Further studies toward the 


final goal, a synthesis of tetrahedrane, will be continued. 
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CHAPTER III. EXPERIMENTAL. 


General 
See page 65. 
Mono-methyl 3,/3-dimethylglutarate. °°’ +>" 


A solution of 3,3-dimethylglutaric acids 


ClO=09RG, 
63.1 mmol) in acetic anhydride (8.0 g) was refluxed for 

l hr. The excess acetic anhydride as well as acetic acid 
were removed by distillation. To the residue was added at 
0° a methanol solution of sodium methoxide, prepared from 
sodium metal (2.0 g, 87 matom) and methanol (40 ml). The 
mixture was refluxed for l hr. After the addition of water 
(207ml) > the re cries removed. The aquous solution 

was acidified with HCl, and extracted four times with 50 ml 
portions of ether. The combined ether layers were dried 


over MgSO and the solvent was removed. The residue was 


Ay 
distilled, giving the monoester, 9.04 g (82%), bp 92°/0.3 
mmHg (lit. 144-146°/10 mmHg) .°* 


3,3,6,6-Tetramethylsuberic acide Lae 


es Mono-methyl 3,3-dimethylglutarate (9.04 g, 52 mmol) 
was dissolved in methanol (50 ml) and hexane (50 ml). To 
this solution was added sodium metal (0.3 g). Electro- 


lysis (with ca. 30 V and 0.6 A) was allowed to proceed at 
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room temperature for 4 hr. The progress of the reaction 
waS monitored by ir spectroscopy. After the removal of the 
solvent, the residue was dissolved in a 15% KOH methanol 
solution (80 ml) and refluxed for 3 hr. The bulk of the 
solvent was removed, and the residue was dissolved in water 
(50 ml) and acidified with HCl. The resulting precipitate 
was collected and recrytallized from methanol to afford the 


diacid, 3.74 g (63%), mp 161-162° (lit. 166.4-167.4°).°4 


3,3,6,6,-Tetramethylcycloheptanone..(123) 


A mixture of 3,3,6,6-tetramethylsuberic acid (5.00 g, 
21.7 mmol), manganese carbonate (5 g), sea sand (10 g), 
and some glass wool was placed in a thick-wall test tube. 
On top of this mixture was placed a layer of glass wool. A 
mixture of manganese carbonate (5 g) and sea sand (10 g) was 
then placed on top of this glass wool layer. Another glass 
wool layer covered the whole mixture to prevent the direct 
transfer of any solid particles. This test tube was connected, 
through a trap cooled in a liquid nitrogen bath, to a vacuum 
pump. The reaction system was evacuated carefully to : 
pressure of 0.1 mmHg, and the test tube was heated ina 
pyrolysis oven. As the temperature was increased slowly 
from 300° to 380° over a 1 hr period, the product distilled 
out of the reaction mixture. The contents of the trap were 
dissolved in dichloromethane (50 ml), washed with 0.5 N 


KOH (30 ml) and dried over MgSO After removal of the 


4° 
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solvent, the residue was distilled (short-path) (bath tempe- 
rature 50°/0.1 mmHg) to give the ketone, 3.51 g (96%) (lit. 
bp 94.7°/14 mmHg). 24 


pmr 6 (CDC1,); TO OR 2H Seen) ee AH Ss, 02.65 el GAN 9S ie 


2,7-Dibromo-3,3,6,6-tetramethylcycloheptanone. (124) 





A dichloromethane (65 ml) solution of 28; (6n3289, 
37.6 mmol) and bromine (15 g, 94 mmol) was stirred at room 
temperature for 20 hr. The mixture was transferred to a 
separatory funnel with the aid of dichloromethane (140 ml), 
washed successively with 5% Na.,SO., (80 ml), 5% NaHCO 


Zr0s3 3 
ml), brine (30 ml), and dried over MgSO, .- Removal of the 


(2x50 


solvent gave the crude product (11.1 9), which was recry- 

stallized from hexane, yielding 7.64 g (62%) of the dibro- 
mide, mp 70.5-71.0°. An analytical sample was prepared by 
sublimation. 

pmr 6 (CDC1,); Poelom L2H, S) sel eOUm 4h So) 477 6( 2H, Ss) < 


- 


ir (CHCl); MikSecnme (4 


elemental analysis; Calcd for Cy Hy 9OBr: C, 401.52 onal 51..56 


Found: 1@,,408.62 7m Hy Se7 9 . 


2,2,5,5-Tetramethylbicyclo[4.1.0]hep-1(6)-en-7-one. (112) 


To a suspension of potassium tert-butoxide (687.6 mg, 
6.13 mmol) in THF (30 ml) was added at -20° a THF (5 ml) 
solution of dibromoketone 124 (861 mg, 2.62 mmol) over 15 


min. After stirring at -20° for l hr, the reaction mixture 









- 


z 7 ai re 

~4 Ss Asect) jeq-2rore) bellisgeib eaw ub: 29% ang ior 
n 7 a 7 

fr) (#3@) p 1¢.£ ,emoted off SViD OF (utes {. oe oe ee 

3 . (pean re. Me 4 cm 


i oe i _ 
» > “ ~ a ; - 
You 4 7 ee tes 74 J at deitincsalens > / 


ce la — — ee 





















+ (im te) Stantemoxe Lite ib. " i” a 


mC ; w (fos 2 «<p €i) omnis -bas (Loran 2 TE 
i 
y 


witxin of? .ui OS tol ‘ etute%e 1m: 

7 : 7 oa 

idianth Io bis eff délw fLeaan 1048: 

oe ° Ee gc, avi #&c cUtiw efevieess it 

\ est teaVveo ba 2a ree -) (la Qe) enizd | €* 

2 \ ‘ , 

ie [I) toubote siyso ed? evap” 

ep 8.0 poibfely ,emexed mot box tifa 

an Leal ghene OO neat eee re 
5 + Cm 


mol tsi La BN} 4 "ae were 
OS.1L @£8% HEL) it I {£9 
(a) 7" mp grt rt (1500) 4 
?* ~ cr % | Goria 
ete (Ea «Vb, ‘ QQ deel Of teil to? bs B Agi aylans ts: 
chauot 


Je ‘4 





SL it) thanks “gad fot. Mote potdivasanns 
bed , oy J 4 22 a% t . - > oe 


iPS) 


was poured into a stirred ice-cold solution of 5% NaH,PO, 
(100 ml). The mixture was transferred to a separatory funnel 
with the aid of pentane (100 ml). The organic layer was 
separated, washed twice withe30 mis portions Of 5% NaHCO,, and 
with brine (40 ml), and dried over Na,SO,. Removal of the 
solvent at 0° gave a white crystalline product, which was 
sublimed at room temperature under high vacuum. Pure 

product was obtained as white crystals, 175.3 mg (41%), mp 
89.0-89.5° (pentane). 

pmr 6 (CDC13); Peete lH) el om AL, S )., 

ir (CCl,); 1890 cm *(w), 1852 (s), 1790 (m), 1617 (s). 

uv (cyclohexane); 263 nm (e 95). 

emr §(CDC1,); 25.9 (CH,), 32.8 (quart-C), 36.4 (CH,), 146.7 
(E-0) 7169-0) (olefinic-C) . 

elemental analysis; Calcd for C_,H. 0: C,80.44; H,9.83. 


bass 
FOUN caC 6 0 ee 7 OeeLOe 


The dibromoketone 124 (1.149 g, 3.50 mmol) was similarly 
treated with potassium tert-butoxide (1.281 g, 11.4 mmol). 


PoeeCtestirringsadti-20- fOr hryel.lM H,SO (37 ml) was 


4 
added slowly to the reaction mixture, which was then warmed 
to 0°. The bulk of the solvent was removed and the residue 
was diluted with pentane (100 ml), washed with cold water 
(30 ml), and dried over MgSO,.- Removal of the solvent 
afforded a mixture (601 mg) of oil and solid. Chromato- 


graphy on silicic acid (15 g) using chloroform as the eluent 


gave a pure crystalline acid 125 (309 mg, 48%), which was 
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recrystallized from pentane and sublimed at 60°/0.1 mmHg, 
mp 115.0-116.0°, for elemental analysis. 


pmr 6 (CDC1,); Ome COH, Sie 020 (GH Sf, 9195 0m AH ci). eaGien7el 


Gil nS:)s. 
ir (CHC1,); 2640 Sie ie. assis TaN. 
elemental analysis; Calcd for C1190! Crl2n49-— HO 396. 


Found WG, feo Ho a9An 


Thermal stability of 112. 


Ketone 112 (0.19) in dry dichloromethane (0.8 ml) 
was kept at 100° for 5 hr in a sealed nmr tube and the 


pmr spectrum showed no change. 


Reaction of 112 with acid. 


Ketones) t2(10 emg) swas aiecolvedadn a mixture of 
mut (4om1) and. 0.1 N. H,SO, (36 ml). The solution was stirred 
at room temperature for 30 min, after which dichloromethane 
(20 ml) was added. The organic layer was separated, washed 


with brine (20 ml), and dried over MgSO Glpc analysis 


4° 
(UCW-98) showed a single peak. Removal of the solvent 
afforded white crystals, the pmr spectrum of which was 
identical with that of acidgl25.) Arter sublimationmatsouc,, 
0.1 mmHg, the white crystalline material had a mp of 115.0- 


UE Gre Ones 









2, oor es 
pen etd ae 
by 


aeet wa 


¢ 


1 1+ i= a 
~) 
ina J 


fi 


1d 


ny deal <r : int” § 
ra 3 rere § 
oe dae ton 9 : 


t a | 
,) a 
cs | tn 
ahaa dose 7 = 6 Fest] iy ier vi 
> = | 7 e | 
eo) ; 1 @ | . = 
a oi eet a : hot 
a2 ~ 19 whi 
e me 


7 > 





my. 


pals 











127 


Reaction of 112 with base. 


Ketone 112 (5 mg) was dissolved in a mixture of THF 
(10 ml) and 0.1 N NaOH (10 ml) and the mixture was stirred 
at room temperature for l hr. The reaction mixture was 
acidified with 2% HCl and extracted three times with 10 ml 
portions of dichloromethane. The combined organic layers 


were washed with brine (20 ml) and dried over MgSO Glpc 


4° 
analysis (UCW-98) showed two major products (ca. 3:2 ratio), 
one of which (the minor one) corresponded to acid 125. 

“a ae: to isolate the major product, ketone 112 
(21 mg) was treated similarly. The crude preduct, which 
showed ir absorptions at 1710 and 1675 ee was (short-path) 
distilled at 40°/0.1 mmHg. The major component was then 
collected by preparative glpc (UCW-98, 130°), and identified 
as the diketone 126 from the following data. 
pmr 6 (CCl); ieOAta GH Si). tnltlLAeOHY.S) > I Si/ae(4H,m)ye2.25 (2H,s). 
PoetcCi,) 7 17:10 ae 
mass spectrum; m/e 182 (wee ToS pel oe (3) loo (5), 110 (100), 


83 (56). 


Photo-reaction of 112. 


lr radiallonlot fa THF -d esolucionsoraketonew llamar On 


8 
with a high pressure mercury lamp (Pyrex filter) caused no 
change. Irradiation of the same sample through a Corex 


filter for 1 hr decomposed the ketone almost completely. 


The product was assigned as a dimer 131 from its spectro- 
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scopic Brean Se 

pmr 6 (CDC1,); OP ASH VSy) podhaw tes EN ey ye ed Ti pppoe bee 
Gras el oo oen(2H;S )ijge 209), (207m): 

ix (CHC1,); 1720 cm”. 

Iass spectrum; m/e 328 (Moe wee Subse (ONO) RAR PRS Mlk i ye 


Ble) ee 2 98825) 7.9L 05. 9( 100). 


Ketone 112 (22.6 mg) was placed ine anecuaLezenme tube 
and into this tube was vacuum-transferred 2-methyltetra- 
mecrorucan (dried over LAH). The solution was degassed and 
the tube sealed. Irradiation with a high pressure mercury 
lamp (Corex filter) at -198° was continued for 3 hr. The 
ir and pmr spectra of the photolysate exhibited absorptions 


ascribed to dimer 131. 


Attempted synthesis of 7-tert-butyl-2,2,5,5-tetramethyl- 


a 


bicyclo[4.1.0]heptenium fluoroborate (135). 


oat ene 





Dibromoketone 124 (991.6 mg, 3.02 mmol) was treated 
with potassium tert-butoxide (743 mg, 6.62 mmol) as described 
earlier (page 123). After work-up, the pentane-THF solution 
(the ir spectrum showed strong absorptions at 1848 and 1619 


om + indicating the presence of 112) was cooled to -20°. 


nn nnn ee EEE EEE EES SSnnSSnsnnn nasa 


*) Indicator for alkyllithiums. 
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pentane solution of tert-butyllithium (1.4 M, 2.4 ml, 3.4 
mmol) was added dropwise until the brown color remained. 
Bocereccirringuat =20° fOr 15 min and at 0° for 15 min, the 


mixture was poured into ice-cold 5% NaH PO, (100 ml) with 


2 


vigorous stirring. The pentane layer was separated, washed 


with ice-cold brine (2x30 ml) and dried over MgSO Removal 


4° 
of the solvent at 0° gave an oily residue, which was dissolved 
in ice-cold ether (15 ml). To this was added at 0° a 

* 
freshly prepared 10% fluoroboric acid in acetic acid. No 


precipitate was formed. 


Reaction between tri-tert-butylcyclopropenium fluoroborate 





(49) and the lithium salt of dithiane. 


To a solution of dithiane (409 mg, 3.4 mmol) in THF 
(25 ml) cooled to -30° in a dry-ice/methanol bath, was added 
a hexane solution of n-butyllithium (1.5 M,2.5 ml, 3.75 mmol). 
Stirring was continued for 30 min at this temperature, and 
tri-tert-butylcyclopropenium fluoroborate (1.00 g, 3.4 mmol) 
was added. The reaction mixture was allowed to warm to room 
temperature and was stirred for 3 hr. Water (2 ml) was 
added, and the mixture was diluted with pentane (100 ml), 


washed with water (2x50 ml) and dried over MgSO,. The solvent 





*). At_—40°, 503 HBF , (0.6 g) was slowly added into acetic 


anhydride (2.5 g). 
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was removed to give a crude product, which was sublimed at 
55-60°/0.05 mmHg. Pure dithiane derivative 140 was obtained 
as a white powder, 856 mg (77%), mp 69-71°. 

pmr 5 (CDC1,); HS) elem oH, S),0 los —2. 00) (2H,;m)., 


Zeros e00 (4H, 4-66 (1H, Ss). 


A mixture of the above dithiane derivative (99 mg, 0.3 
mmol), sodium carbonate (106 mg, 1.0 mmol) and methyl iodide 
(300 mg, 2.1 mmol) in acetone/water (85:15, 2 ml) was sealed 
in an ample and heated at 70° overnight. The reaction mixture 
was diluted with chloroform (30 ml) and dried over Na,SO,. 
Removal of the solvent gave a yellow solid, 65 mg (928%). 

The pmr spectrum showed that the product was almost pure 
ketone 141. 
pmr 6 (CDC1,); iioeeclol, S)i,etle2 en tl, S)ta 2s OS ClH Ss). 


ir (CHC1,); 1885 ere ar) eleTaMe ie 


Methyl tri-tert-butylcyclopropenyl ketone. (139) 





At -10° a hexane solution of n-butyllithium (1.34 M, 
4.5 ml, 6.0 mmol) was added to a THF (20 ml) solution of 
diisopropylamine (607.4 mg, 6.0 mmol). The mixture was 
warmed to room temperature and then cooled to -78°. To this 
was added acetaldehyde cyanohydrin ketal 147 (1.1124 g, 
72 1/6 5mmol) in THE (35m) 2 Aftersl0emineStinsingseat—7S0- 


tri-tert-butylcyclopropenium fluoroborate (1.799 g, 5.78 
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mmol) was added in small portions over 15 min. The mixture 
was stirred at -78° for 20 min and warmed to room temperature. 
Ether (80 ml) and pentane (20 ml) were added to the reaction 
mixture, which was then washed with brine (2x50 ml), and 
dried over MgSO,- The solvents were removed leaving an oily 
product, which was used directly in the next step. 

The oily residue was dissolved in methanol (30 ml) 
and 3.6 N H,SO, (l ml). After stirring at room temperature 
for 3 hr, water (30 ml) was added. The bulk of the methanol 
was removed, and the concentrate was extracted with ether 
(3x50 ml), and the :combined ether layers were washed with 
brine (50 ml) and dried over MgSO, .- After evaporating the 
solvent, the product was dissolved in ether (100 ml) and 
0.5 N NaOH (50 ml), and the mixture was shaken overnight. 
The organic layer was separated and the aqueous layer was 
extracted with a mixture of ether/pentane (1:1, 50 ml). The 
combined organic layers were washed with brine (50 ml) and 
pH 7 buffer (50 ml), and dried over MgSO,. Removal of the 
solvents and chromatography on silicic acid (40 g) using 
hexane/dichloromethane mixtures as the eluent afforded pure 
ketone 139, 1.169 g (81%), mp 56.0-58.0°. 
pmr 6 (CDC1,); 08) (9H, sy icva2vie Shs, 12186 mSHysye 
ir (CHC1,); 1850 cm "(w), 1660 (s). 


elemental analysis; Calcd Aortic O:L. CUSIC S338 H, 12.08. 


hig aise {e 
Found: 1@,,81.65;77 H,12.08 
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Diazomethyl tri-tert-butylcyclopropenyl. ketone. (150) 





Ashexane solution of n-butyllithium (1.34 N, 3-6 ml, 
4.8 mmol) was diluted with THF (30 ml). To this was added 
a THF (5 ml) solution of ketone TOIe lL Gong 4.6 7emmol) 
over 10 min at -78°. AECEYESGCIVEINngGmtOorme lenreate-/6 7, 0a 
Sori OnmOretosy |. a21deu(969. 49mg, 4.92. mmol)? in THE 
(5 ml) was added over 5 min. The reaction mixture was stirred 
at -78° for 30 min and then warmed to room temperature. The 
reaction mixture was diluted with ether (100 ml) and pentane 
(100 ml), washed with brine (2x100 ml) and dried over Na,SO,- 
Removal of the solvent and rapid chromatography on neutral 
alumina (grade III, 20 g) using hexane as the eluent afforded 
the diazoketone, 1.153 g (89%), mp 93-100°. 
pmr 6 (CDCl); PerOmJies) 7) es0mt LOH, Ss )em 5-06 (Lins )i 


ul 


ir (CHC1,); 2120 cm (s)F L6T5e Cs): 


1,2,5-Tri-tert-butyltricyclo[2.1.0.0°'>]pentan-3-one. (151) 


Diazoketone 150 (1.028 g, 3.72 mmol) in ether (120 m1) 
was irradiated with a high pressure mercury lamp (Pyrex 
filter) at 0° for 1 hr. The solvent was removed and chro- 
Matography on silicic acid (50 g) using dichloromethane as 
the eluent afforded the tricyclic ketone, 287 mg (31%), mp 
Soma, Oi, 
pmr S(CC1,); Lé Léa (9H)s) ble26arGshe s pale Ome CL sie 
Tita Cou for the methine)=184 Hz. 


ix (CC1l,); 1765 aes 


ee | | Da. 
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Mass spectrum; m/e 249 (M'+1, 0.4%), 248 (M*, 0.4), 220 (19), 
20 sm(2) a2 9 1489149 (69), 1081'(38) 57° (100). 


elemental analysis; Calcd for C OR KSPas PAU Win ale Stake 


17#28 
FOUN @C oO 220 sell ll koe 


Treatment of 151 with base. 





Ketone 151 (45.2 mg) was refluxed for 1 hr in a methanol 
solution of sodium methoxide (1.18 Moule eAtter work— 
up the pmr and ir spectra showed only the starting material 


to be present. 


Treatment of 151 with acid. 


RetOncmlolmulLamg)sin methanole¢S mij)l@and t).24 N HCl 
(1 ml) was stirred at room temperature for 24 hr. Only 


starting material was recovered. 


Photolysis of 151. 





BeradiataOneor? lo). in methylcyclohexane-d either 


14 
with a high pressure mercury lamp (Vycor filter) or with 


a 10w pressure mercury lamp, caused no change. 


Thermolysis of 151. 


Heating a methylcyclohexane-d, , solution of ketone 
I5lsin a sealed nmr tube at’ 95°sfor slohr yielidedia new 
compound, which was formulated as ketene 152. 


pmr 6 (methylcyclohexane-d UGA (IHS) eee (18H,s), 


aj4)i 
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Pea (aheiie9 be 


ir (CCl,); 2110 ai 


Rerronen io seerietert-putylericvelal2.1.0.0-'>)pentan- 


a ——————————————————— 


3-one. (155) 


Potassium metal (192 mg, 4.91 matom) was dissolved in 
dry ethanol (5 ml). To this solution was added a solution 
of methylmercuric chloride (782 mg, 3.11 mmol) in dry 
ethanol (25 ml), and the mixture was kept at 60° for 3 hr. 
The insoluble salt was filtered off, and an ethanol (25 ml) 
solution of diazoketone 150 (790.3 mg, 2.86 mmol) was added 
fo the filtrate at-0°. After 15 min of stirring at 0°, the 
solvent was removed and THF (10 ml) and ether (10 ml) were 
added. The solution was cooled to -110° and to this was 
added bromine (456.9 mg, 2.86 mmol) in dichloromethane (3 ml). 
Stirring at -110° for 2 hr was followed by warming to 0°, 
and removal of the solvent at 0°. Pentane (20 ml) was added 
to the residue and the insoluble mercuric compound was 
filtered off. The pentane solution was kept at 40° for 
15 min, during which time nitrogen evolution was observed. 
Removal of the solvent and chromatography on silicic acid 
(10 g) afforded bromoketone 155, 490 mg (52%). 
pmr 6 (CDC1,); Las6m(L8H,S) ye lecoel cir 


ir (CE1,) 251780 iiss 
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mass spectrum; Calcd for Grea Om Bu: MAC=o 27g 323. 


Found: m/e=327.1317. 


Thermolysis of 155. 


Bromoketone 155 was dissolved in chloroform and heated 
at 60° for 30 min. The pmr spectrum of the product showed 
it to be a mixture of starting material and perhaps ketene 
157 (ca.2:1). Even after 2 hr of heating, the pmr spectrum 
showed no further change. The ir spectrum of this product 
Showed peaks at 2120 (ketene) and 1780 cm + (starting mate- 


Pea). 


Reaction.o£e155 with base. 


Bromoketone 155 (30 mg) and sodium methoxide (20 mg) 
in CD0D (0.5 ml) were sealed in an nmr tube. The reaction 
was followed by pmr spectroscopy. The half life of the 
bromoketone at 40° (pmr probe temperature) was about 15 min. 
The product showed three tert-butyl peaks of equal inten- 
Sity in the pmr spectrum, and the ir spectrum exhibited a 


carbonyl band at 1710 cm™?, The structure of the product 


is likely to be a-bromoester 158. 


Photolysis,ofs155. 


A methylcyclohexane-d, , solution of bromoketone 155 


was irradiated with a low pressure mercury lamp at -78° 
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for 3 hr. The pmr spectrum showed no change. 


Reaction of 155 with methyllithium. 
ere ee Bie Se eI RENT 


To a THF (5 ml) solution of bromoketone sys) sit) Gulely 
0.11 mmol) was added an ether solution of methyllithium 
Oba 7 eM, 20-1 ml, 0.17 mmol) at -78°. After Stinringvatht—7¢e 
for 10 min, the mixture was quenched with wet ether. Pentane 
(10 ml) and Na,SO, were added to the reaction mixture. 
Filtration and removal of the solvent gave an oil (56.4 mg) ; 
whose pmr spectrum was complex, and whose ir spectrum showed 


peaks at 2100 (ketene ?), 1760 (ketone ?), and 1690 ae 


Reduction, of 155 «with LAH. 





BromGketonew@ios (285.38mg;,e0.67emmol))edissolved!in 
THF (15 ml), was cooled to -78°. To this was added a THF 
solution of LAH (1.11 M, 0.4 ml, 1.78 mmol). After 15 min 
stirring at -78°, wet ether (10 ml) was carefully added and 
the mixture was warmed to room temperature. Pentane (15 ml) 
and Na,SO, were added. Filtration through a Celite pad, 
removal of the solvent and sublimation at 50°/0.05 mmHg 
afforded bromohydrin 1597 153 7oemg 4 (S42) mp s96.0-9950.2¢ 
pmr 6(CDC1,); Le OSMCOH |S )i7 0 V3 leis HS) pueda eo Gen Lec) ee (In 
benzene-pyridine, three tert-butyl peaks are observed.) 


ir (CCl,); 3580 cm +(b). 





i f | 
: an bhi 
ae 

ay 


i 1 










| eee eae 
- on - i 
4 Lng Le Pr: va al a 
Py | 
f2i fa: pee 
i ' 
De 
7 ‘ i} 
‘ i] 
" ' 
: ~ 
{ 
, : ' 7 iy 
ha 00 +“ 
. Jt oe 
ogee , eo 4 ‘ paw Bente : on 
; : ; he 7 
ae ; 7 wok 85 7. Ewihhs #ow sacs 





in cet enh PAs pM aris I OF wea toa ts 


‘ : ae i 









TUR 80 ave ia YhomO tM “ubrzoN 


. - : - 7 
‘ys _ : ae ; : ‘ : 
ee Nee ary ee | OO) 86.0 of toca 





re? 


Hes 7 


Isomerization of 159 to ketone 151. 





Purified bromohydrin 159, upon standing at room tempe- 
rature, produced ketone 151 with the liberation of HBr. The 
product was identified by pmr, ir, and glpc comparisons 


with authentic material. 


Thermal stability of 159 under basic conditions. 





Bromohydrin 159 was dissolved in benzene/pyridine and 


heated to 80° for 30 min. The pmr spectrum showed no change. 


Reaction of 159 with base. 


To a suspension of NaH (56 NG jc So Mods) pele THEY (Sami) 
at -78° was added bromohydrin 159 (81.9 mg, 0.25 mmol) in 
THF (3 ml). After 5 min, the reaction mixture was warmed 
to room temperature. Filtration and removal of the solvent 
afforded an oil (79.5 mg). The ir and pmr spectra showed 
the oil to be the starting material. 

The same sample was then dissolved in THF (10 ml) and 
to this was added NaH (62.3 mg), and the mixture was kept 
at 60° for 30 min. Work-up as above gave an oil (66.9 mg). 


The pmr spectrum was complex and no product was identified. 


Adduct of 11 and N-phenyltriazolinedione. (165) 





Diazoester 46 (133.2 mg, 0.435 mmol), dissolved in 


ether (3 ml), was irradiated as described above. N-Phenyl- 
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triazolinedione (68.8 mg, 0.46 mmol), dissolved in ether 

(3 ml), was added at -78°, and the mixture was warmed to 

room temperature. Chromatography on silicic acid (12 g) 

using dichloromethane/hexane (1:l,v/v) as the eluent gave 
a white crystalline B0CCuUCt a 22). Men 12% )e. 

pmr 5 (CDC13); Tae ONS) mle 2 Oe (9H, S) 0 133) (9H S,).7- 34,78 
(Hes), /.41 (5H, b).. 


Adduct of 11 and diethyl azodicarboxyalte. 





An ether (3 ml) solution of 46 (168.4 mg, 0.55 mmol) 
and diethyl azodicarboxylate (99.2 mg, 0.57 mmol) was irra- 
ra cedsa Gy Vom 3ehtm seChromatography, on Silicic acid (10 g) 
using dichloromethane as the eluent afforded the adduct, 
m3 44 ymg..(503%).. 
pmr 6 (CDC13); eeiOuU tS i bo 260(9H,s), 1.36 (overlapped 


Withaoutriplet)s, 93.9/3.(3H,S):;, 4.15 (4H,bq). 


Diethyl 2,3-diazabicyclo[2.2.0]hex-5-ene-2, 3-dicarboxylate. (170) 





To a stirred mixture of lead tetraacetate (8.37 g, 
18.9 mmol) and ethyl azodicarboxylate (556 mg, 3.2 mmol) 
in pyridine (20 ml) was added a solution of cyclobutadiene- 
me LOnetmrcaobony ls) (998 img, 5.2emmol)juin, pyridines (10mm) 
Over 40 min at.l5°. .The reaction mixture was stirred tor 
further 2 hr. The resulting precipitate was removed by 


filtration and washed with a pyridine/dichloromethane (1:1, 
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v/v, 60 ml). The combined filtrate was diluted with dichlo- 
romethane (200 ml), washed with water (2x100 ml), ice-cold 


PC tox LOOgms)i6 10% aNahCOn (231.00 ml), and water (3x100 


8 
4! the solvent was removed to 
give the crude product (540 mg). Chromatography on silicic 


ml). After dring over MgSO 


acid (10 g) using chloroform as the eluent gave the pure 
adduct, 470 mg (65%). 
pmr 6 (CDC1,); Pee opnOH,C, Ji); o4.22 (4H q,J=7)7. 5.15 (2H, 


io >) Oi Ues( OH, J=3.5) 


Reaction of 170 with silver perchlorate. 
a ee eee ee ERE Pe irl ee 


To a solution of 170 (200 mg, 0.88 mmol) in benzene 
(2 ml) was added silver perchlorate (7 mg, 0.03 mmol) at 
room temperature and the mixture was stirred for 14 hr. 
The solvent was removed to leave an oil, which was dissolved 
mnmethers (4 mj) andafiltered..;The filtrateswas evaporated 
to give a clear afl, The pmr spectrum showed peaks, 
besides those of the starting material, at 5 (CDC1,); 5.00 


(m) and 6.35 (m). The conversion was ca. 408%. 


Photolysis of ll. 





Diazoester 46 (6 mg) was dissolved in methylcyclohe- 
xane-d), (0.5 ml). The solution was placed in a quartz 
nmr tube, degassed and sealed. Irradiation with a high 


pressure mercury lamp (Pyrex filter) at -78° for 4 hr changed 
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46 completely to 11. Then irradiation using a low pressure 
Mercury lamp at -198° was continued for 14 hr, but no further 


change was observed in the pmr spectrum. 


Diazo (tri-tert-butylcyclopropenyl)methyl neopentyl ketone. (173) 


To a solution of diisopropylamine (225.2 mg, 2.23 mmol) 
in ether (15 ml) and THF (13 ml) was added an n-butylli- 
thium (hexane solution, 1.45 M, 1.4 ml, 2.03 mmol) at -10°. 
The solution was cooled to -110° and to this was added a 
THF (2 ml) solution of diazomethyl neopentyl ketone (255.7 mg, 
1.82 mmol). After 10 min stirring at -110°, Pi Cenc pu by 
cyclopropenium fluoroborate 49 (595.8 mg, 2.02 mmol) was 
ecdedsin small portions. After stirring at -110° for 1.25 
hr, the reaction mixture was warmed to room temperature, 
diluted with ether (10 ml) and pentane (40 ml), washed with 
brine (3x40 ml), and dried over Na,SO,. Evaporation of the 
solvent and -dunetnen ace on alumina (neutral, grade IV, 

20 g) using Perna ether (L021, v/v) asuthe eluent afforded 
apyelow,oil,) 572.8 mg (91%). 

pmr 6 (CDCl); Ome COS) ipa OS a Oo tH nc elie? SL OHS) pees 3 
(2H ;.s)). 


ir (CCl,); 2050 ci (eh, WBNS by. 
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(3, 3-dimethy1-1-oxo-butyl1)-tri-tert-butyl [4] annulene. (176) 





A solution of diazoketone 173 (11.8 mg, 0.034 mmol) 
in methylcyclohexane-d, , (0.4 ml) was placed in a quartz 
nmr tube, which was degassed and sealed. Irradiation at 
liquid nitrogen temperature by a high pressure mercury lamp 
(Pyrex filter) for 4.5 hr produced [4]Jannulene derivative 
176. The photolysate was dark purple at -198°. The color 
disappeared instantly upon A aitiagy tO1=/0... 


pmr 6(methylcyclohexane-d ie Seno tei le hae SH. S)t, 


dj4)i 
Peet ait, SG), 2657 2H ys). 


Photolysis of 176. 


The photolysate in the quartz nmr tube was subsequently 
irradiated with a low pressure mercury lamp at -198° for 
6 hr. No change was observed in the pmr spectrum. Irradi- 
ation with a high pressure mercury lamp (Vycor filter) for 


2.5 hr also caused no change in the pmr spectrum. 


A solution of diazoketone 173 (5.5 mg) in 2-methyl- 
tetrahydrofuran (10 ml) was placed in an quartz uv cell and 
degassed. SPeeherher with a high pressure mercury lamp 
(Pyrex filter) at -78° was continued for 1 hr. The uv 
spectrum was recorded at -130°. Irradiation with a low 
pressure mercury lamp at -140° was continued for 1 hr and 


the uv spectrum was recorded at -140°. No change in the 
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uv spectrum was observed. 


3,4,5-Trimethylpyrazole. 114 





To a solution of 3-methy1-2,4-pentandione (1.14 g, 10 
mmol) in methanol (1.5 ml) was added hydrazine hydrate 
(85% solution, 0.565 ml, 10 mmol) at 0°. The mixture was 
Steareredy aty 30°Rfor 5 hr. The methanol was evaporated and 
the residue was dissolved in éther (20 ml) and dried over 
BaO. Evaporation of the solvent afforded white crystals, 
1.02 g (91%), which were used directly in the next step. 


3-Methoxy-3, 4, 5-trimethy1-3H-pyrazole, 1122,113 





Popanmsce-Ccoldssolution of 3,4,5-trimethy lpyrazole 
(13.9 g, 0.126 mol) in methanol (160 ml) was added N-bromo- 
succinimide (25 g, 0.14 mol) in small portions. After stir- 
ring at 0° for 20 min, a KOH methanol solution (1.125 N, 
P22eo ml, 0.138 eas was Slowly added. Stirring was con- 
tinued for 1 hr at 0°. The bulk of the solvent was removed, 
and distillation afforded the product, 10.8 g (63%), bp 


ca. 45°/3 mmHg (lit. 52-53°/2.8 mmHg) .1128 


Trimethylcyclopropenium £luoroborate. 128 





3-Methoxy-3,4,5-trimethyl-3H-pyrazole (2.0 g, 14.7 
mmol) dissolved in pentane (200 ml) was irradiated with a 
high pressure mercury lamp (Pyrex filter) for 1 hr, while 
the photolysis vessel was cooled ateca. 4-40 ° 4. The photo- 


lysate was transferred to a flask at -30° and a 543% HBF , 
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ether solution (3.45 ml) was added. After stirring at -30° 
for 1 hr, ice-cold ether (200 ml) was added to the reaction 
mixture. The fluoroborate was collected and recrystallized 
from acetone/ether. Yield was 2.0 g (81%), and mp was 130- 


131° (lit. 130-131°). +124 


Trimethylcyclopropenyldiazoacetate. (174) 


This diazoester was prepared in a similar manner to 
that for tri-tert-butylcyclopropenyldiazoacetate 46, except 
that the chromatography on alumina was carried out at -10°. 
pmr 6 (CDC1,); eer Srp? 05 (6H ES) je oea/ Sunt, S ws 


ir (neat): 2070 ai YEN; 1690 (s). 


This diazoester slowly isomerized at 0° to methyl 
4,5,6-trimethylpyridazinecarboxylate 173. 
pmr 6 (CDC1,); Zen, S epi he CU COL ASHES Dl aGOH, S), 4.06 


G38 S)\< 


Photolysis of 174. 


Diazoester (174), frozen in methylcyclohexane, was 
irradiated at -198° and the matrix turned black. The color 
disappeared instantly upon warming. 2-Butyne, methyl 2- 
butyrate, and dimers of trimethyl[4]annulenecarboxylate were 
identified (in cas a 122:2 ratio, respectively )@in) the: product 
mixture by glpc (UCW-98) analysis. 


The photolysis was then carried out in either cyclo- 
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pentene or in butadiene at -78°. The products in both cases 
were identical with those from the above reaction. No adduct 
with the solvent was formed. 

The esr spectrum of the black photolysate was recorded 
at -170°, but no signal that may be ascribed to a triplet 
species was observed. 


Dipenylcyclopropenium fluoroborate.!14 


Acetic anhydride (3 ml) was added to a mixture of 
diphenylcyclopropenylcarboxylic acid (1.0 g, 4.23 mmol) 


and 54% HBF, ether solution (4 ml) at room temperature. 


4 
After 1 hr stirring, ether (400 ml) was added and the preci- 
pitated product was collected and recrystallized from acetone/ 


ether, yielding 434 mg (37%) of the fluoroborate. 


Methyl diphenylcylcopropenyldiazoacetate. (176) 


Diphenyl derivative 176 was prepared in a similar manner 
to the other diazoesters, (purity was ca. 30%). 


pmr 6 (CDC1,); SeOUMCLH Ss) yo. C bets, S)i80 «9-7. 5. (LOH, mn). 


This diazoester isomerized to diphenylpyridazinecarboxy~ 
late at room temperature. 


pmr 6(CDC1,); 4 USCS 7S) oe CMLL Moone 


Photolysis of 176. 


Diazoester 176 (20 mg) in methylcyclohexane-d, , (0.5 


ml) and THF-d, (0.1 ml) was irradiated with a high pressure 
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mercury lamp (Pyrex filter) for 2 hr. No starting material 
remained and glpc analysis (UCW-98) showed the presence 
of diphenylacetylene (ca. 50% yield) but no phenylacetylene. 


Photolysis of dipropylcyclopropenyldiazoacetate 177. 


Diazoester 177 was similarly prepared, !?> bu Gaern 
ca. 50% purity. Because of its mete titey further puri- 
fication was not attempted. Even at room temperature, 177 
isomerized to the pyridazine derivative. The crude diazo- 
ester 177 was dissolved in methylcyclohexane and irradiated 
with a high pressure mercury lamp (Pyrex filter) at -78° 
for 2.5 hr. Glpc analysis (UCW-98) of the photolysate 
showed the presence of 4-octyne but no other volatile material 


was observed. 


Photlysis of azide 45. 


A solution of azide age 


(55100) aT) methy lcyclohexan=~d, , 
(0.3 ml) was placed in a quartz nmr tube, degassed and sealed. 
Irradiation using a high pressure mercury lamp (Corex filter) 
at -110° caused nitrogen evolution. After the cessation 

of gas evolution (ca. 5 hr) the reaction mixture was checked 
by pmr spectroscopy and glpc analysis. Both the pmr spe- 
ctrum (two singlets at 6 1.14 and 1.28 with an intensity 

ratio of 2:1, at -50°) and the glcp analysis (UCW-98) showed 
that the only products were di-tert-butylacetylene and 


pivalonitrile. Irradiation at -198° produced the identical 
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products. 


Reaction of tri-tert-butylcyclopropene 181 with dichloro- 


carbene. 


APvsolution of chioroform (130 mg, 1.51) mmol) in THF 
(9 ml) and pentane (1 ml) was cooled to -110°. A hexane 
solution of n-butyllithium (1.49 M, 0.83 ml, 1.34 mmol) 
mecmtnen added. After Stirring for*15°min;= tri—-tert—butyl-— 
cyclopropene (193 mg, 0.926 mmol) in THF (3 ml) was added 
Ovemeasper1od Of 5 min. After stirring at'—-110° for 15 min, 
the mixture was warmed to -78° over 30 min. Stirring at 
ioe tor ‘1 hr was followed by warming to 0° over 30 min. 
Wet ether (20 mT) was added to the reaction mixture, which 
was then diluted with ether (30 ml), washed with pH 7 buffer 


(20 ml) and dried over MgSO The pmr spectrum of this 


4° 
product (274.7 mg) showed that it was a mixture of the 


starting material and dichloride 24. 
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